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Geotechnical investigations undertaken by GHD Pty Ltd uncovered a previously undescribed rock 
type in the suburbs of Footscray and Alphington approximately 5 km west and 6.5 km east of 
Melbourne CBD respectively. The rock encountered appeared to be a breccia type rock with angular 
high strength fine gravel to boulder sized fragments of relatively unweathered grey to dark grey basalt 
surrounded by a matrix of orangish brown fine grained brittle material resembling hard clay. Pillow 
basalts were also encountered in the deposits in the form of 0.6 m or larger globular but highly 
fractured basalt bodies within the rock mass. The rock was eventually identified as a hyaloclastite, a 
rock type formed when basalt lava flows into water bodies and is quench fragmented. The debris 
forms piles of basalt and volcanic glass fragments. The volcanic glass fragments are 
thermodynamically unstable and are altered to palagonite within as little as 20 years from initial 
deposition.  
No prior reference to the occurrence of hyaloclastite in the Melbourne region could be found. As 
such, the location, extent and geotechnical properties of this rock type are unknown, posing a 
potential risk to infrastructure and construction projects. This study aimed to investigate the possible 
origins of the hyaloclastite; develop a theory of emplacement/origin; identify other locations where 
this rock type may exist; determine the geotechnical properties and engineering geological behaviour 
of the rock; and develop a classification system for the rocks encountered. 
A variety of methods were used to gather sufficient information to allow the occurrences and 
geological and geotechnical nature of hyaloclastites and pillow basalts in the Melbourne area to be 
better understood. Samples of the rock were obtained during the geotechnical investigations 
undertaken in Footscray and Alphington and outcrop mapping was completed on exposures identified 
during the course of this study. Historical borehole logs and as built drawings were obtained to assist 
in the understanding of the previous description terminology associated with the rock now identified 
as hyaloclastite. Standard and “non-standard” laboratory testing was undertaken as well as 
classification testing. 
The field of block-in-matrix rocks “bimrocks” was assessed as a possible method to assist in the 
understanding of the behaviour and geotechnical properties of the hyaloclastite rock with or without 
pillow basalts. The RMR, Q-System and GSI rock mass classification systems were used to help 
understand the rockmass characteristics. A weak rock classification system, a weathered rock 
characterisation system and a ground behaviour characterisation system were also used to provide 




Development of both 2D and 3D geological models of the two sites indicate that the hyaloclastites 
encountered in Melbourne were deposited in “lava-deltas”. The hyaloclastites were deposited on 
advancing subaqueous delta fronts with an overlying layer of subaerial basalt above what has been 
termed the “passage zone” which represents the historical level of water into which the lava flowed. 
Strength testing undertaken on the various samples suggested that the hyaloclastite should be 
classified as a weak rock, with UCS values of ranging from approximately 1 MPa to 10 MPa, and  a 
median UCS value of 1.37 MPa. Using the compiled UCS data and PLT data an estimate of the PLT 
Is50 to UCS conversion factor “k” was calculated as 10.4. The results of jar slake testing and 
weatherability index testing were variable: whilst the majority of samples showed no sign of slaking, 
one sample showed a strong reaction.  
The samples of disaggregated rock were classified as sandy gravel as per AS1726:1995. Whilst the 
fine to medium gravel was of subangular grains of basalt the sand was found to be made up of angular 
fragments of palagonite. Plasticity index and XRD testing of fines obtained from the disaggregation 
process indicated that the fines are comprised of illite and smectite clay minerals and behave as a high 
plasticity silt. 
Several categorisation methods utilised indicated that the hyaloclastite type rockmass strength 
parameters are controlled partly by the strength of the matrix and partly by the discontinuities and that 
the rock mass strength is dominated by the pillow basalt behaviour (typical hard rock type behaviours) 
only once the content of these structures in these rocks exceeds a volume content of 75% pillows to 
25% hyaloclastite.  
Rock mass strength and deformation calculations indicate that the hyaloclastite rock mass is both very 
weak and also highly deformable (rock mass modulus <100 MPa) when compared with the highly 
weathered subaerial basalt (~500 MPa) and the fresh/slightly weathered basalt (~15000 MPa). A value 
of petrographic constant mi used in the Generalised Hoek Brown Criterion was also determined to be 
7.01. This is considerably different to the values suggested for “breccia” in the literature of 19±8. A 
modulus ratio of 150 was also estimated using testing data from Melbourne and also Iceland.  
The extent of hyaloclastite in the Melbourne region remains unknown. Whilst the location of these 
deposits is associated with the base of palaeovalleys now infilled by volcanic products, hyaloclastite 
does not occur in the base of all the palaeovalleys and is expected to be controlled by sea level change 
and also disruption of drainage lines by damming caused by earlier subaerial flows. 
Geotechnical practitioners must be aware of the potential occurrence of hyaloclastite as both the 
hyaloclastite and hyaloclastites with pillow basalt rock masses were found to be significantly weaker 




highly weathered basalt during geotechnical investigation may result in significant under-design. In 
addition, rock mass behaviour categorisation indicates that block-falls of pillow basalt from 
excavation walls and roofs may be a risk. Increased excavation effort to remove the pillow basalt 
structures should also be factored in to projects. 
To aid identification and understanding of the potential hazards associated with hyaloclastite type 
rocks, a series of reference sheets has been developed. These reference sheets aim to increase 
practitioners’ knowledge of hyaloclastites, and the implications for excavation and construction. The 
reference sheets also provide geomechanical details. Three-dimensional simplified engineering 
geological block models have also been included to provide graphical information on the relationships 
and possible geohazards of the various rock types. 
Future research should aim to further define the extent and engineering properties of hyaloclastites in 
the Melbourne region and to further define the petrographic constant mi, a better estimate of modulus 
ratio based on instrumented UCS tests. It is also hoped that now this rock has been recognised in 
Melbourne that the geotechnical community will reassess previous projects and start to build 
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 Introduction 1.
1.1 Background of Study 
This study was motivated by the recent discovery of unusual and previously undescribed rock types 
encountered during geotechnical investigations for two construction projects within Melbourne, 
Victoria, Australia. One of the projects was located towards the west of the Central Business District 
(CBD) and one toward the east. The unusual rock types were originally identified as weathered basalt 
and were subsequently treated as such during the design phase of the projects. However, further 
inspection during development of a geological model for the project sites indicated that the material 
was not weathered basalt. The rock was identified as a form of breccia with angular, high strength 
basalt fragments embedded in a matrix of low strength hard clay or mudstone type rock. Some further 
research was required to identify the rock and its origins. Geotechnical laboratory testing work and 
mapping was also required to assist in the understanding of this rock, previously unidentified in the 
Melbourne area. The geographical extent of this material suggests that a sub-unit of the formation in 
which it was identified, the Newer Volcanics Group, should be developed. No prior reference to the 
occurrence of this rock type in the Melbourne region was found. 
1.2 Initial Correspondence with Experts 
During the course of research of this thesis, recognised experts in the geology of Melbourne were 
consulted to gather information on certain aspects of Melbourne geology that was unclear, particularly 
on the identification of the brecciated basalt and the possible origins of the rock. Mr Alfons 
Vandenberg (ex-geological survey of Victoria now with Museum Victoria) and Mr Neville Rosengren 
were both consulted independently. My initial research lead me to conclude that the rock type was a 
peperite, that is a volcanic material autobrecciated and intermingled with a soft sediment host. 
However Mr Vandenberg (VandenBerg, 2011) countered this theory by suggesting that the rock type 
is a hyaloclastite. This theory was based on the fact that there were no quartz grains or remnant 
organic material in the clay matrix and that the clay matrix in some locations was seen to be made up 
of angular shards. These shards are thought to have been the remnant shapes of the basaltic glass 
fragments spalled off during cooling. Mr Vandenberg also indicated that during his compilation of the 
Melbourne 1:63,360 geological map sheet, he attended a disused quarry in the suburb of Footscray 
where pillow lavas were observed, furthering his theory of sub-aqueous emplacement. Mr Neville 
Rosengren vouched that evidence of hydrovolcanic activity has been found at some locations beneath 
the extensive basalt plains to the west of Melbourne around the town of Werribee. These initial 
contacts helped to identify the rock types present and provided focus for further stages of the thesis. 
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1.3 Objectives 
Given that this rock type was previously undescribed in the Melbourne region, the location, extent and 
geotechnical properties are unknown, posing a potential risk to infrastructure and construction 
projects. This thesis seeks to investigate the geological features, structures and factors controlling 
occurrence of the rock type and the engineering geological properties and behaviours of the intact 
rock and rock mass. It also aims to provide guidelines for practitioners to aid identification and 
understanding of the potential hazards associated with hyaloclastite type rocks. 
The objectives of this thesis are to: 
 Investigate occurrences of the recently identified rock type and to develop a theory of 
emplacement/origin.  
 Identify other locations where this rock type may exist 
 Determine typical geotechnical parameters of the rock type for use in design. 
 Classify the different geological and geotechnical domains present within the rock mass and 
assign typical rock mass characteristics. 
 Develop reference sheets for geotechnical and engineering geology practitioners showing key 
geological and geotechnical information for the various classes identified, including 
comparison with “typical” rocks associated with the Newer Volcanics Group (highly 
weathered and fresh/slightly weathered basalt). 
 Identify potential implications for the typical methods of construction in metropolitan 
Melbourne, and develop reference sheets for use by practitioners to enable easier 
identification of the rock types in question. 
1.4 Location of Study 
The areas in which the new rock type was encountered are in the north-east and western inner suburbs 
of metropolitan Melbourne. Drilling records, borehole logs and laboratory testing data have been 
obtained from geotechnical investigation projects in the suburbs of Alphington located approximately 
6.5 km north east of Melbourne and Footscray, which is located approximately 5 km west of 
Melbourne CBD. These locations are shown on Figure 1-1. 
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Figure 1-1 – Project areas (Google) 
1.5 Geology of the Melbourne Area 
The simplified geology of Melbourne can be generally summarised as the Silurian age siltstone 
bedrock of the Melbourne Formation which outcrops to the north east of the CBD and which to the 
west and south is covered by more recent deposits of Palaeogene, Neogene and Quaternary marine, 
estuarine, terrestrial fluvial and volcanic deposits. The marine, estuarine and terrestrial fluvial deposits 
are largely unlithified sand and clay type soils of the Brighton Group and the numerous units which 
make up the deposits of the Yarra Delta. The volcanic deposits encountered in Melbourne are the 
basalts and tuffs of the Oligocene Older Volcanics and the Pleistocene/Pliocene basalt of the Newer 
Volcanics (Birch, 2003). 
A stylised geological model for Melbourne is shown in the rock/geological unit relation diagram 
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Figure 1-2 – Melbourne metropolitan area geological unit relationship diagram. 
1.6 Engineering Geology of the Melbourne Area 
Geological factors frequently affect engineering projects in Melbourne. The deep weathering profile 
of the Silurian siltstone and associated Devonian age intrusive dykes have to be factored in to the 
design of excavations to ensure suitable retaining or support measures are utilised. Shallow depth, 
high strength basalt rock or deeply weathered basalts from Oligocene and Pleistocene eruptions can 
have significant implications for the ease and expense of excavations or slope stability respectively. 
These basalts can also fill palaeovalleys where pre-eruption alluvial sediments can be preserved 
beneath the flows. These sediments have significantly different geotechnical characteristics, being of 
lower strength and potentially more permeable than the overlaying basalt. This difference in 
characteristics can cause problems during construction of tunnels if the presence of these materials 
has not been predicted. Other significant geotechnical issues are encountered in the developing 
Docklands precinct area of Melbourne. This area is underlain by the Yarra delta Quaternary age 
formations and contains soft compressible estuarine clays in an area where much development is 
occurring. 
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1.7 Thesis Methodology 
 Literature Review 1.7.1
In order to determine the engineering significance of a brecciated sub-unit of the Newer Volcanics 
Group, a literature review was undertaken.  
This review aimed to: 
 Describe the general geology of Melbourne;  
 Describe geological details of the Newer Volcanics Group; 
 Locate evidence of brecciated volcanic rocks or hyaloclastite within the geological records of 
the Melbourne area; 
 Identify types of volcanic breccia, including formation methods and classification systems; 
 Definitively identify the rock type encountered during the geotechnical investigations as 
hyaloclastite; 
 Examine previous geotechnical studies of similar volcanic origin breccia rock/hyaloclastite; 
 Identify geotechnical laboratory testing results of volcanic origin breccia rock/hyaloclastite; 
 Research geotechnical rock classification systems which may have been developed for the 
rock in question or compare existing classification systems to assess suitability for use with 
the volcanic breccia/hyaloclastite encountered. 
 
 Historical Information  1.7.2
Limited historical information, predominantly in the form of borehole logs and as built sewer 
diagrams, was obtained from Melbourne Water’s historical archive of data originally produced by the 
now defunct Melbourne Metropolitan Board of Works (MMBW). This information was used to assist 
with an understanding of how hyaloclastite rock had historically been described in Melbourne and 
determine if identification from historical records could be achieved. Anecdotal information was also 
obtained from contacts within the geotechnical community. The information gathered anecdotally 
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included the general location of boreholes on other projects in which similar rock types have been 
encountered. 
 Geotechnical Investigations 1.7.3
Information was obtained from geotechnical investigations completed in the suburbs of Alphington 
and Footscray by GHD. The work was undertaken in Alphington for a proposed new sewer tunnel and 
in Footscray for a feasibility study into a high rise apartment building. Information obtained from 
these investigations for this thesis included all borehole logs and core photographs as well as 
laboratory testing results. Additional samples were also obtained for further testing as part of this 
study. Downhole optical televiewer testing and geophysical seismic surveys were also completed as 
part of the geotechnical investigation program at Alphington.  
 Field Mapping 1.7.4
In an attempt to gain a better understanding of the geological relationships and rock mass properties 
of the rock encountered during the investigations, a series of trips along the creek lines of Merri 
Creek, Darebin Creek, the Yarra River and the Maribyrnong River was undertaken. The aim of these 
trips was to identify any rock outcrops in-situ. Mostly subaerial basaltic lava flows or siltstone 
bedrock was observed. Exposures of the brecciated hyaloclastite material were identified along 
Darebin Creek, on the boundary of the suburbs of Alphington and Ivanhoe.  
 Laboratory Testing 1.7.5
A series of laboratory tests was completed on rock samples collected from the two investigations. 
These tests included unconfined compressive strength tests, point load index tests, density tests, x-ray 
diffraction (XRD) tests of matrix materials and Hoek cell triaxial tests. Geotechnical testing of the 
rock was completed to determine slake durability and by inference any possible swelling behaviour. 
Samples of rock core were also disaggregated using a freeze thaw process to allow a determination of 
the particle size distribution of the rock elements, with plasticity index testing being undertaken on 
fines (grain size <0.075mm) recovered from the matrix material. This testing was completed at 
GHD’s soil testing laboratory in Morwell, Australia.  
Compositional analysis of the fines obtained during disaggregation was undertaken by x-ray 
diffraction methods (XRD) at Monash University, Australia.  
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 Geotechnical Investigation Interpretation 1.7.6
Geotechnical borehole logs were used to develop geological models of the two geotechnical 
investigation sites at Footscray and Alphington. Core photographs were used to check borehole logs 
and assist in the assignment of domains or facies. A 3D geological modelling package (Leapfrog Geo) 
was also used to better understand the geological relationship and distribution of the various rock 
types at the Alphington site. Once the data was interpreted a series of rock mass classification and 
characterisation systems were used to allow an understanding of the behaviour of the rock in an 
engineering context. This also allowed some generalised implications for construction to be assessed. 
1.8 Thesis Organisation 
This thesis is organised into six chapters.  
Chapter 1 is an introductory chapter which defines the purpose and objectives of the research and also 
describes the location of the study area. 
Chapter 2 is a literature review undertaken as part of this research. The literature review includes a 
brief review of geological classification systems of volcanic breccia rock types and confirms the 
identification of the breccia rock type in the Newer Volcanics Group as hyaloclastite. The review 
identifies localities where hyaloclastite has been identified globally and collates information 
pertaining to geotechnical properties and formation methods. A review of published classification 
systems for rock mass and also for weak rocks and their inputs has been completed. The relatively 
recent field of engineering geology investigating bimrocks (block-in-matrix rocks) has been reviewed 
to determine if engineering classification systems and approaches developed for these types of rock 
are broadly applicable to the hyaloclastites in Melbourne. 
Chapter 3 details the various methodologies utilised to gather information and data during this study 
including geotechnical investigations; outcrop mapping; origins of historical borehole logs; and the 
methodology of some non-standard laboratory testing which was completed. 
Chapter 4 details the results and findings of the geotechnical investigations, field mapping and 
laboratory testing undertaken on the hyaloclastite samples. This chapter also details the geological 
models completed for both geotechnical investigation locations. 
Chapter 5 details the analysis of the results of the investigations, mapping and laboratory testing and 
classifies the rock types. This chapter also details a variety of rock mass classification systems 
completed, which indicate possible behaviours of the rock mass when affected by engineering 
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projects. Two simplified engineering geological models are displayed showing geological hazards, 
geotechnical details and the relationships of materials associated with the rock type studied. 
Chapter 6 concludes the thesis and measures the findings against the aims and objectives set out in the 
introduction. This chapter briefly discusses the implications for construction associated with this rock 
type and proposes methods of geotechnical investigation to optimise geotechnical information on the 
properties of the rock. A classification system for these rocks based predominantly on the volume of 
pillow basalt blocks within the hyaloclastite is detailed as a series of “information sheets” in which 
methods of identification of these rocks are included along with typical engineering parameters and 
possible rock mass behaviour information. Further avenues of research on the topic are also explored. 
 
1.9 Synthesis 
 During geotechnical investigations in Melbourne, Australia a breccia rock type was 
encountered at the base of the basalt lava flows of the Newer Volcanics Group. No other 
records of the presence of this rock, which was previously misidentified as weathered basalt, 
exist. 
 The breccia is generally formed from a pale brownish orange brittle clay matrix supporting 
angular fine gravel to boulder sized clasts of basalt. The basalt clasts are usually slightly 
weathered and typically of high strength (UCS >100MPa). 
 The breccia rock type was identified as hyaloclastite – previously unrecorded in Melbourne. 
 Exposures of the rock type were identified within the Melbourne area by the author. This has 
allowed features of the rock mass and its relationship to surrounding rock types to be studied 
at outcrop scale. 
 The research methodology includes a literature review, review of samples and information 
obtained from two geotechnical investigations, fieldwork to map and characterise the various 
outcrops identified and collection of samples for clay fraction XRD testing. 
 Laboratory testing was undertaken to understand the geotechnical characteristics of the rock. 
Testing included unconfined compressive strength (UCS) testing, point load testing, 
durability testing, particle size distribution, and plasticity index testing (Atterberg limit). 
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 An engineering geological model has been produced to allow classification of the rock type 
based upon a number of easily discernible features and standard rock mass classifications 
have been developed for these different classes. 
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 Literature Review 2.
2.1 Geology of Melbourne 
The geology of Melbourne is extensively detailed in two main texts, Geology of Victoria (Birch, 
2003) and the Engineering Geology of Melbourne (Peck, Neilson, Olds, & Seddon, 1992). This 
section comprises information from both of these sources. 
The rocks forming the bedrock within the project area consist of the Silurian age (410 to 434 Mya) 
Melbourne Formation meta-sediments (Lower Greenschist facies) comprising a generally 
uninterrupted sequence of rhythmically interbedded marine turbidite sediments. These sediments are 
generally represented by mudstone, siltstone and sandstone with the sequence gradually coarsening 
during the Silurian and on into the Lower Devonian. During their deposition these sediments were 
subject to ongoing subsidence and folding, with subsequent multi-phase folding, uplift and erosion 
during the Mid to Upper Devonian. The folding was generally on N-S trending axes giving rise to 
complex structures. 
During the Upper Devonian Period (354 to 382 Mya), intrusions of granitic bodies and felsic dykes 
took place with associated contact metamorphism of adjacent rocks. These Devonian age igneous 
rocks are represented to the east of the Melbourne area. Felsic dykes are present within the Melbourne 
area. A period of faulting, uplift and erosion (peneplanation) took place over an extended period 
between the Permo-Triassic and Lower Cretaceous and on into the Palaeocene period (from 250 Mya 
to approx. 66 Mya). The prolonged period of erosion was accompanied by deep chemical weathering 
of the Silurian rocks, and led to the creation of a major unconformity in the stratigraphic sequence. 
Some deposition of Permian glacial deposits occurred to the west of Melbourne, but no known 
deposits are represented within the Melbourne metropolitan area. 
In the Eocene Epoch (37 to 58 Mya) a series of clays, silts and gravels (Werribee Formation) were 
deposited as valley infill sediments in the maturely dissected terrain. This same period also saw the 
eruption of extensive basaltic flows (Older Volcanics) which in some places were intercalated with 
the alluvial sediments. The volcanic activity also saw the intrusion of mafic dykes into the basement 
Silurian sequences. 
The Oligocene Epoch (28.5 to 37 Mya) included a period of uplift along NE-SW trending faults, 
creating a series of horst -graben structures. The Lerderderg Ranges and Port Phillip Basin are 
examples of the uplifted and subsided blocks. The subsequent erosion created topographic 
‘inversions’ around volcanic flows (topographic elevation of resistant Older Volcanics) with 
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deposition of colluvial aprons proximal to the raised areas. Multiple marine transgressions and 
regressions during the Miocene to Lower Pleistocene (4 to 23.5 Mya) led to deposition of shallow 
marine sediments (Brighton Group) and non-marine sands and clays onto the dissected peneplaned 
terrain. This period also included deep weathering of the exposed Silurian terrain with extensive 
ferruginisation associated with prolonged weathering. Following the deposition of the Brighton 
Group, a subsequent period of uplift and erosion resulted in renewed formation of palaeo-valleys. 
During the Pleistocene Epoch (1.8 to 0.01 Mya) a series of high energy fluvial deposits (Lower 
Pleistocene Moray Street Gravels) were laid down during a glacial period of low sea level. These 
deposits were followed by finer grained marine deposits (Lower to Mid Pleistocene Fisherman’s Bend 
Silt) during a period of higher sea levels. Following the deposition of the Fisherman’s Bend Silt, sea 
levels again retreated and there was a further period of erosion and valley deepening. Eruption of a 
series of basalt flows to the north of Melbourne led to infilling of the ancestral Yarra River, 
Maribyrnong River, Darebin Creek and Merri Creek valleys and displacement of streams to the 
margins of the basalt flows. Once the valleys were filled by basalt flows, the basalt spilled over the 
valleys and blanketed the surrounding area creating a lava plateau. This volcanic activity was caused 
by the onset of rifting between Australia and New Zealand. Regression of sea levels led to renewed 
valley erosion and ‘inversion’ of the topography around the basalt flows. 
In the Holocene Epoch (0.01 Mya to present) following the Pleistocene, a series of limited deposits 
have been formed within coastal swamps, beaches and aeolian (wind deposited) dunes. Within the 
study area, geological materials of this age are restricted to development of soil profiles on elevated 
terrain, alluvial deposits within stream valleys and the formation of the Yarra delta in an estuarine 
environment.  
2.2 Newer Volcanics Group 
 Geographical Extent of the Newer Volcanics Group 2.2.1
Volcanism has occurred over wide areas of the state of Victoria, Australia for much of the last 60 
million years (Figure 2-1). The main periods of volcanism producing the largest volume of extrusive 
products can be categorised into two periods, the first from 42 to 57ma and the second from 0 to 5 
Ma. These periods of volcanism have been termed the “Older Volcanics” and “Newer Volcanics” 
respectively (Birch, 2003). However, Potassium-Argon (K-Ar) dating has shown that some eruption 
of material has been ongoing throughout the entire period (from 42Ma to 5Ma). It has therefore been 
suggested that the terms Older and Newer Volcanics should be abandoned and instead a series of areal 
descriptors be used, where distinct ages of eruptive material can be identified (Birch, 2003).   
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Figure 2-1 - Distribution and ages of Newer Volcanics Province (Price, Nicholls, & Gray, 2003) 
However, given that the Victorian geotechnical community continues overwhelmingly to use the term 
“Newer Volcanics Province” or “Newer Volcanics Group” interchangeably and that no other 
recommendations for this change could be found in the literature, Birch’s (2003) suggested 
classification will not be used within this thesis. 
The various Newer Volcanics Province eruptions covered an area of approximately 15,000km2 over a 
4.5 Ma period with the largest volume of material emplaced approximately 2 Ma ago (Birch, 2003). 
Over 400 eruption points have been identified (Joyce, 1975). The Newer Volcanics Province consists 
of layers of lava flows that filled valleys and spread out over the surrounding plains up to 50km from 
the eruption point.  
Local to the studied area, the various main lava flows determined by age are displayed in Figure 2-1. 
This thesis discusses sites that are located on lava flows No. 1 and No. 4 on Figure 2-1. The age of 
these flows has been determined using strontium isotope dating methods as 0.93-0.96Ma and 2.28-
2.30Ma respectively (McDougall, Allsopp, & Chamalaun, 1966). 
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 Geological Features of the Newer Volcanics Province 2.2.2
The lava flows in the Melbourne area are dominantly tholeiitic basalt (Birch, 2003) and form thin lava 
flows ranging from 0.5-10m (Dahlhaus & O'Rourke, 1992) or 0.2–3m (Hare, 2002; Rosengren, 1992) 
thick with most being approximately 5m in thickness. Each lava flow deposit is comprised of multiple 
overlapping deposits, which become stacked. Thicker stacks of lava are associated with lava infilled 
palaeovalleys which once made up the surface topography. Several basalt infilled valleys have been 
identified within the Melbourne area (Figure 2-2). A basalt lava infilled valley was encountered 
during drilling work for the North Western Sewer tunnel in Melbourne’s west and the maximum 
recorded thickness of the lava units was 60m (Dahlhaus & O'Rourke, 1992). Due to the high 
variability of geotechnical conditions (such as material strengths and groundwater permeabilities) 
across short horizontal distances, these infilled valleys and the alluvial sedimentary deposits beneath 
the basalt flows are considered to be one of the major hazards to tunnelling in the Melbourne area 
(Birch, 2003). 
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Figure 2-2 – Locations of basalt infilled valleys in Melbourne (Birch, 2003) 
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It is difficult to map individual lava flows in detail due to the different phases of activity, with often 
only a short period between individual flows, meaning that weathering of the previous flow surface or 
development of soil has not had time to occur. Gray & Price (1989) have had some success in 
delineating individual flows and groups of flows using geomorphological features in combination 
with geochronological studies. These studies show a number of domains, with several having a 
generally elongate nature considered to represent where flows have infilled pre-existing drainage lines 
and valleys. 
The course of the ancestral Maribyrnong River downstream of Maidstone (point 1 in Figure 2-2), 
which has significance to this study, is a point of some conjecture, with Holdgate and colleagues 
(2004; 2006) using processed aero-magnetic data to determine possible palaeovalley channels under 
basalt cover from Melbourne’s western suburbs and extending out approximately 120 km west of 
Melbourne. Holdgate’s work placed the ancestral course of the Maribyrnong making a “dog leg” to 
the east prior to recommencing its flow to the south. This conjectured alternative course is presented 
in Figure 2-3.  
 
Figure 2-3 – Palaeovalleys determined from aeromagnetic data, adapted from Holdgate and colleagues (2004; 
2006).(Google) 
During emplacement the lava was very fluid with low viscosity as indicated by the vesicularity and 
preserved surface ropy texture. Pipe vesicles or spiracles have been encountered towards the base of 
Palaeovalley 
course, 
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flows, thought to be due to a trail of gas bubbles from heated groundwater at the base of a flow 
(Dahlhaus & O'Rourke, 1992). The author’s direct experience from core logging of the Melbourne 
basalts is that spiracles can vary significantly in size. Spiracle features occurring at the base of flows 
have been recorded in published literature as being on the scale of “a few inches to scores of feet” in 
South Central Oregon and Washington, USA (Waters, 1960). Figure 2-4 illustrates the shape and size 
of spiracles formed at the base of the Colombia River basalts of South Central Oregon and 
Washington in Northwestern USA. 
 
Figure 2-4 – Illustration of spiracle in base of basalt flow – Columbia River basalt (person to show scale) 
(Waters, 1960) 
Columnar jointing structure occurs within the basalts of the Newer Volcanics Province, where lava 
has had the opportunity to pond and cool relatively slowly. Differing weathering profiles are present 
throughout the stacked lava flow sequences with some flows more highly weathered than others 
possibly due to exposure or the initial degree of vesicularity (Dahlhaus & O'Rourke, 1992; Flintoff, 
1992). The nature of the contact between the lowest basalt flow and the underlying geology (be it 
Palaeozoic basement rocks or Tertiary/Quaternary sediments) has also been found to be highly 
variable with extremely low strength shear zones being present. This occurs where the cooling lava 
flows have created slickensided features or high shear strength where the lava has baked the 
underlying material. Flintoff (1992) notes that “care is needed in identifying the geology when 
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conducting geotechnical site investigations close to the edge of the Newer Volcanics sequences” due 
to the confusing mixture of weathered basalt and clay. 
The basalt generally has joint sets in a sub-horizontal and sub-vertical orientation. These joints are 
often smooth, planar, iron stained and/or clay filled. Foliations also occur in bands associated with 
flow lineation. These can become extremely weathered zones that weather in-situ to clay. Spheroidal 
weathering of the basalt is common near the top of the unit eventually turning the rock mass into a 
mixture of high plasticity clay (smectite group member montmorillonite) and high strength basalt 
corestones. Frequently this weathering has occurred at the surface and this weathered surface veneer 
is commonly only 1-3m thick with many corestone remnants (also locally termed as ‘floaters’) left in 
the soil profile (Dahlhaus & O'Rourke, 1992; Flintoff, 1992). 
There are limited mentions in published literature of pyroclastic material within the Newer Volcanics 
Province deposits. Dahlhaus & O’Rourke (1992) indicated that in addition to basalt, other products of 
the volcanic eruptions included pyroclastic material comprised of scoria, tuff and ash. These products 
are primarily preserved around the many eruption centres north and west of Melbourne. They also 
describe the occasional occurrence of infilled seams or zones where open defects have been infilled 
with secondary hydrothermally derived material (chiefly montmorillonite clays). This material has 
been described as pyroclastic material, where the infilled zones are about 1m in thickness and also 
include rounded basalt pieces (Rosengren, 1992). 
No reference can be found in the published literature to breccia deposits comprising angular to sub-
angular basalt fragments in a matrix of clay within the Newer Volcanics Province. 
2.3 Volcanic Breccia Deposits 
 Volcanic Breccia Classification 2.3.1
Volcanic breccia is a form of volcaniclastic rock. Volcaniclastic rocks, also termed agglomerate 
breccias (Gonzalez de Vallejo, Hijazo, & Ferrer, 2008), are generally used to describe clastic rocks 
consisting of grains and/or fragments of volcanic rock set in a finer-grained matrix (Brown, 2007). 
Saotome and colleagues (2002) state that the breccias are noted for their heterogeneity being 
comprised of hard volcanic fragments embedded in a softer fine grained matrix. Similarly, the British 
Standard Code of Practice for Site Investigations (British Standards Insitution, 2010) describes 
volcanic breccia as angular fragments of volcanic ejecta in a finer matrix. 
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These rock types can also be classified as volcanogenic-sedimentary rocks (that is somewhere 
between an igneous rock and a sedimentary rock) due to the fact they comprise fragments derived 
from a volcanic source that to some extent have been transported or deposited by sedimentary 
processes. Volcanogenic-sedimentary rocks as a broader title includes tuffs and ignimbrites and also 
rocks which can be termed as volcanic breccias: agglutinates, clastolavas, lavoclastites, and 
hyaloclastites (Y. Frolova, 2008).  
Whilst tuffs have been subject to much study due to their abundance, the less frequently occurring 
deposits such as the volcanic breccias have thus far been poorly studied in the field of engineering 
geology. However, as Frolova (2010) identified, these types of rock are common as a foundation or 
enclosing medium for various engineered structures. 
It is evident from the various references consulted that volcanic breccias can form in a number of 
ways; either beneath or above the surface, as a result of volcanic explosion, during lava flow 
movement or by surface geomorphological agents such as water and gravity affecting solidified lava 
(Fisher, 1960).  
Various attempts have been made to classify volcanic breccias. Whereas the system developed by 
Wentworth and Williams (1932) focused on classifying the pyroclastic ejecta and its origins an 
alternative system developed by Fisher (1960) attempted to classify the resultant rocks and their 
characteristics. Fisher posits that the volcanic breccias can be subdivided into three groups: 
 Autoclastic – breccias containing fragments broken and incorporated during movement of 
liquid, semi-solid or solid lava. 
 Pyroclastic – breccia containing fragments that are explosively produced, transported and 
deposited 
 Epiclastic – breccia containing fragments caused by external geomorphic processes such as 
mudflows, running water, glaciers, sea wave and gravity.  
Autoclastic flow breccia can also be further categorised into flow breccia and volcanic intrusion 
breccia. The flow breccia forms by fracturing of the congealed surface of a lava flow, analogous to aa 
lava. Volcanic intrusion breccia is produced by friction during eruption, groundwater interaction with 
magma, pressure changes during eruption or interaction with soft, water saturated sediments upon 
eruption (Fisher, 1960). 
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Fisher (1960) proposes that pyroclastic breccia includes vulcanian breccias, pyroclastic flow breccia 
and hydrovolcanic breccia. The vulcanian breccias are produced by large explosions of volcanic 
edifices in plinian or ultraplinian eruptions (and as such could also be termed agglomerate). 
Pyroclastic flow breccia is the deposit resulting from extrusions of solid, liquid and gas that are not 
the result of explosions.  
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2.4 Identification of Breccias Encountered in Melbourne 
The material encountered during one of the geotechnical drilling programs had initially been 
identified as extremely weathered or highly weathered basalt, however after the second geotechnical 
drilling program and following discussion with experts in Melbourne geology, the material was 
provisionally identified as a volcaniclastic breccia. As there was ongoing disagreement as to the 
identity of the material, Fisher’s (1960) classification system was used to identify the likely origin of 
the breccia, thereby definitively identifying the type of volcanic breccia that had been encountered. 
Due to the distance between the deposits encountered and the small scale eruption centres (10 to 20 
km) it is considered unlikely that the rock is of pyroclastic origin. The volume, thickness and textural 
characteristics, such as angular fragments and lack of other debris inclusions, indicate that an 
epiclastic breccia is also unlikely. Autoclastic brecciation was therefore the most likely method of 
formation, however aa type lavas are not present in the Melbourne region due to the postulated low 
viscosity of the lavas, so this method of autobrecciation can be discounted.  
Hydrovolcanic brecciation, another form of autoclastic brecciation driven by quench cooling of hot 
lava upon contact with water or soft sediments, is therefore considered to be the most likely origin of 
the rocks encountered. This method of formation also fits with the location of these rocks being 
situated where palaeovalleys may once have been before they became infilled with volcanic products. 
Hydrovolcanic breccias are produced by hot lava coming into contact with water or ice due either to 
the eruption occurring below ice or water or from lava flowing from land into water or onto/against 
ice. The resultant material is also known as a palagonite breccia. A palagonite breccia comprising of 
angular fragments of basic lava and altered volcanic glass (the volcanic glass alters to palagonite) is 
also known as a hyaloclastite (from the Greek hyalo - glass and clastite - to break) (Silvestri, 1963). 
Silvestri notes that the hyaloclastite is formed by a solid crust forming on the lava as it chills upon 
contact with water. This crust is rapidly fractured and broken into pieces by the continually flowing 
lava. Significant quantities of material (i.e. lava fragments and glass fragments) can be produced by 
this method (Y. V. Frolova, 2010). The glassy material becomes rapidly weathered to palagonite clay. 
The hyaloclastites are characterised by shard like textures of intact or weathered glassy material 
(Brown & Bell, 2007) with an increase in the volume of rock fragments as the material becomes 
coarser (Bell, 2000). Silvestri also noted that hyaloclastite deposits can be stratified (possibly by 
strong convection currents moving finer material) and that some hyaloclastite deposits can be 
reworked. 
 
      21 
 
The information outlined above indicates that the breccia rock encountered during the two 
geotechnical investigations can be classified as a hyaloclastite. 
2.5 Hyaloclastite 
Hyaloclastite is comprised of lava fragments and shards of volcanic glass of basaltic origin that are 
created during quenching. The volcanic glass can either be sideromelane which is pale brown to 
reddish brown or tachylite which is black (Cas & Wright, 1987). These glasses are intrinsically 
thermodynamically unstable and prone to transformation to palagonite clay by reaction with 
hydrothermal or even cold groundwater (Y. Frolova, 2008). The reaction involves hydration and ion 
exchange which results in a yellow brown clay deposit (Cas & Wright, 1987). Palagonite comprises a 
mixed layer montmorillonite (smectite)-illite mineral that is depleted in Si, Mn, Ca and Na whilst 
being enriched in K and H2O (Y. Frolova, 2008). Stroncik and Schminke (2002) state that palagonite 
is a variety of smectite. According to Bell (2000), the time scale of this transformation can be as little 
as 20 years, whilst Cas and Wright (1987) postulate that palagonitisation (the transformation to 
palagonite) can occur within 1 to 1 ½ years if groundwater has a temperature of between 40ºC and 
100ºC. The transformation of the loose uncemented pile of rock and volcanic glass fragments by 
hydration and leaching of ions essentially causes diagenesis of a loose formation by the formation of a 
clay mineral (Bell, 2000) which was also noted to have stabilised and cemented Surtseyan volcanic 
piles within several years (Cas & Wright, 1987). The resultant transformation of the volcanic glass to 
clay also involves an increase in volume. The palagonite gradually grows to fill the intergranular 
space therefore acting as a pore-type cementing agent that lithifies and strengthens the rock with a 
corresponding decline in porosity and permeability. The palagonitisation slows as the porosity and 
permeability of the rock mass declines. The palagonite eventually transforms to smectite (Bell, 2000) 
and possibly zeolites (Daux, Crovisier, Hemond, & Petit, 1994). Hyaloclastites have also been 
described as palagonite tuff (Silvestri, 1963) and pillow fragment breccia (Yamagishi, 1991). 
 
2.6 Lava Deltas 
Understanding the method and environment of formation of hyaloclastite is the key to understanding 
the structures and features of deposits where you would expect to find hyaloclastite. There is much 
agreement in the literature as to the method of formation of hydrovolcanic breccias.  
Occurrences of hyaloclastite have been described in Hawaii, USA (Mattox & Mangan, 1997), 
Washington and Oregon, USA (Lyle, 2000), Southwest Hokkaido, Japan (Yamagishi, 1991), Iceland 
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(Y. Frolova, 2008; Y. V. Frolova, 2010), Antarctica (Skilling, 2002), Northern Ireland and Scotland 
(Lyle, 2000). 
Hyaloclastite forms when lava flows into a body of water. Cas and Wright (1987) described the 
effects of lava interacting with water after eruption from a submarine vent as well as the effects of 
lava flowing into a body of water or over water saturated sediment. In both instances, the 
fragmentation of the lava by hydrovolcanic or quench mechanisms can cause piles of hyaloclastites to 
accumulate.  
Yamagishi (1991) presents criteria for recognition of submarine volcanic products and describes 
outcrops of the materials. The monogenetic (single rock type) volcanic breccias have been categorised 
into two forms of hyaloclastite: 
 Pillow fragment breccias – breccias composed of pillow lavas and/or broken pillow lava 
fragments, these grade down into pillow lavas 
 Angular fragment breccias – massive or faintly graded angular fragments approximately 
100mm in size set in a fine grained matrix.  
Yamagishi postulates that the predominance of the pillow fragment breccias or the angular fragment 
breccias may be a result of the differing effusion rates with sheet flows and pillow lavas caused by 
greater effusion (higher flow rates) and breccias caused by lower levels of effusion. He suggests that 
the angular fragment breccias are products of brittle fracturing of viscous lava. The angular fragment 
breccias can also contain what Yamagishi has termed as pseudo-pillows. These angular fragment 
breccias are considered to be hyaloclastites with an elevated proportion of fractured basalt material 
present. The pseudo-pillows lack the characteristic glassy rims of traditional pillow lavas and usually 
have a smooth surface with a distinctive tortoise-shell joint pattern. A photograph of the angular 
fragment breccia is shown in Figure 2-5. Figure 2-6 and Figure 2-7 show the relationship between the 
different facies i.e. angular fragment breccias and pseudo-pillows identified by Yamagishi (1991). A 
facies similar to those identified by Yamagishi has also been encountered in Canada (Bridge, 
Banerjee, Mueller, Muehlenbachs, & Chacko, 2010). 
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Figure 2-5 – Angular fragment breccia (Yamagishi, 1991) 
 
Figure 2-6 – Pseudo-pillows and angular fragment breccia (Yamagishi, 1991) 
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Figure 2-7 – Relationship between pillow lava and angular fragment breccia (Yamagishi, 1991) 
The formation of lava deltas appears to be a significant factor in determining the environment in 
which hyaloclastite formation occurs. Mattox and Mangan (1997) outline that the breccia (ergo 
hyaloclastite) forming these deltas can be formed by non-explosive or explosive, brittle or ductile 
emplacement. Mattox and Mangan also detail the explosive littoral activity that occurred on a lava 
delta where the flanks of Kilauea Volcano, Hawaii, reach the Pacific Ocean. They describe that the 
lava flowing from active vents and fissures as pahoehoe type flows initially has a relatively quiescent 
interaction with the sea as the flow lobes drip over sea cliffs or over established beaches. These 
interactions allow formation of lava deltas which can extend for hundreds of metres into the sea. As 
the flow field matures a lava tube system becomes established which transports lava to the coastline 
with minimal cooling. Collapse of the front of the unconsolidated lava delta, exposing the large 
volumes of hot magma flowing from a severed lava tube, can cause explosive littoral activity in the 
form of tephra jets, lithic blasts, lava bubble bursts and littoral lava fountains. A 7.5m high littoral 
cone was observed to form in less than 20 minutes after a lava tube broke and disgorged high 
temperature lava at the delta front. These littoral deposits can be subsequently blanketed by further 
lava flows. Clearly, a lava delta can be a potentially highly variable deposit. It is speculated that the 
relatively quiescent initial interaction with the sea described is a valid description at a large scale with 
the interaction still being energetic on a small scale.  
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Skilling (2002) describes the large scale characteristics and emplacement processes of pahoehoe (fluid 
lava) flowing into a water body and forming a lava delta. The lava becomes fragmented (by 
autobrecciation) and deposited as a volcanic breccia. Where the water is sufficiently deep, the 
fragments formed by autobrecciation as the lava is violently cooled are redeposited on the subaqueous 
slope, the steepness of which is dominated by the effects of gravity. Evidence gathered during 
Skilling’s studies of a lava fed delta in the James Ross Volcanic Group situated along the western 
margin of the Antarctic Peninsula demonstrated that lava deltas have been built up in englacial (within 
or beneath glaciers) lakes as well as in marine environments.  
Furnes and Fridleifsson (1974) studied lava fed delta deposits in Iceland. These deposits are 
comprised of heavily palagonitised and zeolitised hyaloclastites with foreset beds of pillow lavas, 
capped by characteristic ropy textured subaerial lavas. These particular lava deltas were all deposited 
in a shallow marine environment.  
Hyaloclastite breccias are recorded occurring below thick columnar jointed basalt lavas in the 
Columbia River Basalts of Washington and Oregon, USA (Lyle, 2000). They are also encountered 
beneath basalts associated with the Giants Causeway in Northern Ireland and on the Isle of Mull, 
Scotland (Lyle, 2000). The presence of these flow-front breccias becoming columnar basalt flows 
indicates that at all these locations the eruption environments contained areas of standing water into 
which the lava initially flowed. 
Lava delta deposits have also been identified in seismic reflection data from the NE Rockall Trough, 
an area adjacent to the north west continental margin of Scotland (Wood, Hall, & Doody, 1988). At 
this location changes in the seismic character of reflectors have been interpreted as lateral changes in 
facies, with one of the facies being interpreted as possible wedges of hyaloclastite extending from 
subhorizontal reflectors thought to represent subaerial basalt flows. Figure 2-8 shows a map of the 
interpreted seismic facies. As can be seen from the map, Facies B (which represents the basinward 
thinning wedges) is interpreted as possible hyaloclastite wedges. These wedges (or deltas) have lateral 
extents in excess of 50km. 
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Figure 2-8 – Hyaloclastite delta distribution (Facies B) from plan derived by seismic interpretation (Wood et al., 
1988) 
Skilling (2002) notes a common feature of all lava fed deltas is the bipartite structure where the lower 
parts consist of a coarse grained breccia that has a steep angular or asymptotic profiles (foreset 
bedding) whilst the upper section is made up of broadly horizontal sub-aerial pahoehoe type basaltic 
lava. Yamagishi (1991) also recognised topset and foreset bedded hyaloclastites in outcrops in the 
Neogene formations of Southwest Hokkaido, Japan. The topset beds overlay the foreset breccias. 
Slumping of the breccia foreset beds has been observed to be common. The foreset beds consist of 
angular fragment breccias including pseudo pillows dipping at 20º-30º. This corresponds well with the 
angle of foreset bedding as observed by Furnes and Fridleifsson (1974) where it was found that the 
beds dip at between 12º and 30º (average 20º). Yamagishi describes each bed as less than 1m thick, 
although in other locations hyaloclastites beds from a few meters to 10m in thickness have been 
encountered. The upper topset beds are made up of horizontal disintegrated sheet flows which have 
been brecciated along their margins. Figure 2-9 shows the relationship between the various units. 
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Figure 2-9 - Relationship between units in a breccia delta (Yamagishi, 1991) 
Lava deltas of up to 2.9km in length and 500m in width have been recorded by Mattox and Mangan 
(1997). Stacked sequences of lava fed deltas have also been recorded. Modern examples of lava fed 
deltas are located in Hawaii where deltas of up to 0.5 x 2.0 km have been constructed in 2 years 
(Skilling, 2002). A hyaloclastite and pillow lava deposit which forms the basal part of the Frenchman 
Springs Member of the Columbia River/Yakima Basalt in north west USA has a thickness of between 
6 to 23m over a distance of approximately 6.5 km (Bingham & Grolier, 1966). Skilling (2002) 
however notes that whilst the large scale characteristics such as dimensions, morphology and gross 
internal structure of the lava deltas encountered in Antarctica were able to be observed, the ability to 
make these observations elsewhere may be limited by poor three-dimensional outcrop. 
The lava fed deltas can be compared to alluvially formed gravitationally dominated Gilbert type deltas 
(Postma, 1990) which develop a steep subaqueous slope dominated by gravitational processes. These 
deltas require a sufficiently deep deposition environment to allow the development of a gravity driven 
slip-face. Skilling noted that no lava deltas with gently inclined delta fronts have been observed. 
These are thought to only occur in shallow water of less than 10m depth where bottom friction 
becomes more important in the formation process. It is also postulated that hyaloclastic breccia lava 
deltas in shallow water environments are more likely to be massive or chaotic partly due to the limited 
ability for gravitational sorting or reworking. 
A schematic diagram of a hyaloclastite breccia lava delta is presented in Figure 2-10.  
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Figure 2-10 – Schematic diagram of hyaloclastite breccia lava delta (Cas & Wright, 1987) 
The contact of the breccias and lavas which represents the former water level has been termed the 
“passage zone” by Jones (1970) and used subsequently by numerous authors including Furnes and 
Fridleifsson (1974), Wright and Cas (1987) and Skilling (2002). This passage zone surface, although 
usually horizontal to sub-horizontal, can also be inclined or stepped. 
In studies of the lava fed deltas in Iceland, Furnes and Fridleifsson (1974) and Skilling (2002; 2002) 
highlight that any difference in elevation of the passage zone, such as the surface being inclined or 
stepped, can be attributed to tidal effects during formation. This leads to the conclusion that changes 
in elevation of the passage zone can assist in identifying if the environment of deposition is marine or 
non-marine. Furnes and Fridleifsson (1974) note the ability of lava deltas to provide evidence of 
former sea levels. It is also postulated that the tidal range can also be estimated by measuring the 
altitude variations of the passage zone (assuming constant flows of lava for more than 12 hour 
periods). The fluctuating level of the tides in a marine environment is expected to change the level of 
the passage zone on a cyclical basis. Examples of how water levels affect the relationships of the 
hyaloclastite with the overlying massive subaerial lavas are shown in Figure 2-11. Changes in water 
level produce a complex relationship between the different lithologies with hyaloclastite breccia 
interfingering with massive lava deposits (Cas & Wright, 1987).  
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The preserved location of the passage-zone, which is the contact between subaerially deposited lava 
and the underlying breccia (Skilling, 2002; Skilling et al., 2002) can therefore frequently indicate the 
environment of deposition. Environments may include marine environments, englacial environments 
and non-marine environments such as formation in lakes created after damming of watercourses by 
earlier subaerial lava flows. Bergh and Sigvaldson (1991) document the formation of hyaloclastite in 
drowned palaeovalleys which have become flooded due to eustatic sea level rise. 
 
 
Figure 2-11 -Water level and its effect on the architecture of lava deltas (Cas & Wright, 1987) 
2.7 Pillow Palagonite Complexes 
As studied by Lyle (2000) and discussed previously, hyaloclastite breccias are recorded occurring 
below thick columnar jointed basalt lavas in the Columbia River Basalts of Washington and Oregon, 
USA. Figure 2-12 shows a schematic cross section through a typical lava flow in the Columbia River 
Basalt whilst Figure 2-13 shows this schematic section as it occurs in-situ. 
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Figure 2-12 – Schematic section through lava flow showing pillow palagonite unit at base (Swanson, 1967) 
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Figure 2-13 – Exposure of basalt lava flow with pillow palagonite at base (Foster, 2012) 
The basal material comprises hyaloclastite breccia and pillow lava and is termed the Pillow Palagonite 
Complex (PPC). Lyle (2000) theorises that a basal PPC layer and a thick layer of overlying basalt 
with typical lava flow features such as columnar jointing are common features of lava flows that fill 
valleys. The PPC zone is thought to make up part of a typical sequence through a lava flow in these 
environments which also incorporates a colonnade section and an entablature section. These types of 
features are postulated by Lyle to indicate the environment of deposition of the flow, in this case 
valleys where thick accumulations of basalt from ponding of large volume flows may occur. Lyle also 
speculates that the PPC at the base of the flow indicates the initial presence of water in the valley 
floor. The entablature zone indicates a zone that is cooled more rapidly than the colonnade zone. This 
increased cooling is speculated to be due to water ingress into the flow from high rainfall or from flow 
of a river or stream displaced by the valley filling basalt. Cooling of the basalt in the colonnade zone 
is thought to be from the base upwards whilst the entablature zone is thought to be cooled from the 
surface downwards and is hence more erratic. Schmincke (1967) also describes the pillow-palagonite 
zone below some of the Columbia River basalts and identifies that this material was found where the 
lava flow locally flowed into water. Waters (1960) goes further in the explanation of the origin of the 
Columbia River Basalt pillow-palagonite complex by positing that when flood basalts form an 
extensive lava plain there is undoubtedly significant disruption of the former fluvial drainage system. 
It is anticipated that early flows will dam creeks and marginal lakes will result. As subsequent flows 
enter these lakes they create pillow-palagonite complexes, and assumedly, hyaloclastites. 
Consequently Waters suggests that the pillow-palagonite complexes are widespread along the margins 
of the basalt flows. Figure 2-14 and Figure 2-15 show examples of PPC deposits exposed in road 
cutting through the Columbia River PPC. The dark areas are basalt pillow lavas and the lighter or 
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orange areas are palagonite or hyaloclastite. Petrified logs are also common in the pillow palagonite 
complexes/hyaloclastites of the Columbia River Basalts (Bingham & Grolier, 1966). These logs are 
thought to have come from near shore sources and become entrained in the palagonite deposit during 
deposition. 
 
Figure 2-14 – Pillow palagonite complex showing fore-set beds, Columbia River Basalts (Waters, 1960)  
  
 




Figure 2-15 – Pillow palagonite complex part of the Columbia River Basalts near Vantage, Washington State, 
USA (Foster, 2012) 
Waters (1960) also noted the common presence of fore-set beds in the PPC. These foreset beds 
occurred at the base of inter-canyon flows. Some disturbance can be observed in these foreset beds 
caused by reworking or gravitational failure of deposits at the front of the delta. 
The PPC are found to have much variation depending predominantly on lava viscosity and water 
depth (Waters, 1960). It is thought that the proportion of pillow lavas within a PPC hyaloclastite 
breccia delta increases as the viscosity of lava decreases, i.e. greater volumes of pillows may be 
expected to be found in a lava delta if the viscosity of the lava is low (Cas & Wright, 1987). 
It is also suggested that the structure in these units can be used to determine flow direction, with the 
direction of flow being the direction of dip of the fore-set beds (Swanson, 1967). Spiracles are also 
noted rising from the PPC complex (presumably above the passage zone). These are rarely 3m in 
height but can be up to 6-9m and as discussed previously, these can also be used to determine flow 
directions. It is also noted by Swanson that pillow lavas are generally accumulated at the base of 
thicker complexes as they tumble down the slope while the finer material brecciated basalt and glass 
fragments are more stable so are able to remain on a steeper slope. PPC zones of up to 30m thickness 
have been recorded as has the presence of lenses of micaceous sand captured within the PPC. This 
material is thought to have been captured in a turbulent flow as the material flowed over the lakebed 
sediments.  
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2.8 Hyaloclastite Geotechnical Properties 
Volcaniclastic rocks have a wide range of physical properties (Y. Frolova, 2008). The physical 
properties are largely expected to be due to formation method and subsequent lithification. The 
lithification process has been summarised as being one of two methods: 
 Long term lithification of loose pyroclastic sediments 
 Immediate lithification by welding or baking caused by heat of the volcaniclastic material. 
Hyaloclastites and pillow palagonite complexes fall in the first category. 
Frolova determined a hierarchy exists with decreasing physical and mechanical hierarchy: 
 Clastic lavas (highest mechanical properties) 




 Agglutinates (lowest mechanical properties) 
This hierarchy therefore indicates that hyaloclastites have physical and mechanical properties which 
are towards the lower range of values expected for a variety of volcaniclastic rocks.  
Again, as the rock type has been identified as part of the early work for this study, properties of 
hyaloclastite have been reviewed only. No comparison with other volcaniclastic rocks has been made. 
 Testing 2.8.1
Although very few geotechnical studies have been undertaken on hyaloclastites (Gonzalez de Vallejo, 
2012) hyaloclastites form the founding material for critical infrastructure such as nuclear power 
plants, long suspension bridges and geothermal power plants in countries such as Japan (Saotome et 
al., 2002) and Iceland (Y. Frolova, 2008; Y. V. Frolova, 2010). Much of the existing data on the 
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geotechnical properties of hyaloclastites was generated by studies conducted in Iceland during the 
rapid industrialisation and development of hydroelectric schemes and geothermal power plants during 
the1980s, with the most comprehensive study of the geotechnical properties of hyaloclastite being 
undertaken by Oddsson (1981). Numerous authors have determined the geotechnical properties of 
hyaloclastites using laboratory testing methods (Y. Frolova, 2008; Y. V. Frolova, 2010; Gonzalez de 
Vallejo, 2012; Oddsson, 1981; Saotome et al., 2002).  
The majority of geotechnical studies of hyaloclastite undertaken for “real-world” projects and 
documented in the literature are focused on slope stability issues; either assessing the hazards of large 
scale global failure of the flanks of volcanic islands such as Tenerife (del Potro & Hurlimann, 2008; 
Ferrer, Seisdedos, & Gonzalez de Vallejo, 2010; Gonzalez de Vallejo et al., 2008; Hurlimann, 1999; 
Seisdedos, Ferrer, & Gonzalez de Vallejo, 2012) and Hawaii (Schiffman, Watters, Thompson, & 
Walton, 2006; Thompson, Watters, & Schiffinan, 2008); or smaller scale yet still relatively large 
slope failures such as at Pyramid Mountain, British Columbia, Canada (Neuffer, Schultz, & Watters, 
2006) and Hokkaido, Japan (Ishijima & Fujii, 1997) where a fatal landslide killed 20 people when a 
large block of hyaloclastite failed and crushed the Toyohama Tunnel portal. 
Laboratory testing of weak rock types such as hyaloclastite is not easy due to disintegration of the 
rock caused by stresses associated with sampling or testing preparation (Geological Society 
Engineering Group Working Party, 1995). The difficulties of obtaining samples are similar to those 
encountered whilst sampling weathered rocks (Geological Society Engineering Group Working Party, 
1995). This comparison to weathered rocks is explored later. In addition, the heterogeneity of rock 
type makes it difficult to obtain representative samples for testing (del Potro & Hurlimann, 2008). It is 
thought that the difficulty of deriving realistic engineering properties for heterogeneous rock masses 
may be as difficult as deriving those for complex weathering profiles (Geological Society Engineering 
Group Working Party, 1995). To counter this issue, in-situ testing is detailed by Ferrer and colleagues 
(2010) where pressuremeter testing was undertaken on hyaloclastites found on Tenerife in the Canary 
Islands to allow better assessment of the large scale slope stability of the volcanic island.  
 Grain size results 2.8.2
Saotome and colleagues (2002) calculated the grain size distribution of volcanic breccias in 
Hokkaido, Japan. The samples were obtained from cores that had been saturated, frozen and then 
dried at 110ºC. This process was repeated five times with the resultant effect that the samples were 
almost completely disaggregated. The mean grain size distribution was determined from six core 
samples 10cm in diameter and 30cm in length. Figure 2-16 shows the grain size distribution graph.  
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This distribution is summarised in Table 2-1. 
 
Figure 2-16 – Grain size distribution of a disaggregated volcanic breccia (Saotome et al., 2002) 
Table 2-1 – Grain size distribution of volcanic breccia (after Saotome and colleagues (2002)). 





Oddsson (1981) also attempted to quantify particle size distribution of samples of hyaloclastite from 
Iceland, and found a similar, albeit slightly coarser, particle size distribution (Figure 2-17). 
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Figure 2-17- Particle size distribution of Icelandic hyaloclastite (Oddsson, 1981) 
 Laboratory strength results 2.8.3
Despite difficulties obtaining rock mass representative samples and testing them in a laboratory (del 
Potro & Hurlimann, 2008), several attempts have been made to determine the overall strength and 
deformation properties of hyaloclastites. It is however reasonable to assume that, given the 
heterogeneity of the rock, laboratory measured strengths may not be representative of in-situ material 
(Geological Society Engineering Group Working Party, 1995).  
Del Potro and Hurlimann (2008) used extensive Schmidt hammer testing in combination with a small 
number of unconfined compressive strength tests to investigate the strength of the autoclastic breccias 
from the Teide stratovolcano in Tenerife, Spain. These tests showed that although previously being 
considered as disintegrated granular units the breccias can be classified as rock masses due to the high 
degree of interlocking and although weak (uniaxial compressive strength of 13MPa) have good rock 
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mass qualities. Research undertaken on hyaloclastite on the same volcano by Gonzalez de Vallejo 
(2012) determined that the hyaloclastites had a uniaxial compressive strength of between 6–16MPa. 
In contrast, compressive strength testing of hyaloclastites from Surtsey and Sigalda in Iceland 
undertaken by Bell (2000), recorded a much wider range of results from 4.7 – 43.8 MPa and 0.9 – 
40.1 MPa respectively. Testing from Canada (Neuffer et al., 2006) indicated a UCS range of 24-32 
MPa. Samples from Hawaii showed a range of UCS strengths which varied depending upon the 
degree of palagonitisation; a sample only subject to incipient alteration recorded a result of 2.8 MPa, 
whilst smectitic alteration produced UCS values of 3.1-4.0 MPa and palagonitic alteration produced 
UCS values of 8.9-11.5 MPa (Thompson et al., 2008). In comparison the pillow basalt had a UCS 
testing result of 150.3 MPa. Seisdedos and colleagues (2012) created a graphical summary of UCS 
data for numerous volcanic lithologies documented across the globe. This summary is presented in 
Figure 2-18. 
 
Figure 2-18 – Summarised UCS results - numerous lithologies (Seisdedos et al., 2012) 
Triaxial testing of rock from Tenerife (Gonzalez de Vallejo, 2012) determined that the rock had a 
cohesion of between 3-5 MPa and a friction angle of between 43-50º. In contrast, samples from 
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Hawaii resulted in cohesion values of 21.3, 14.4 and 6.8 MPa and friction angles of 46.7º, 23.9º and 
42.7º (Thompson et al., 2008).  
These friction angles correspond well with that measured on samples from Japan (Ishijima & Fujii, 
1997) where a friction angle of 39 to 42º was obtained. The cohesion was somewhat lower at between 
0.4-0.97MPa however. It is difficult to attribute a reason for these differences due to insufficient 
information on testing procedures. Triaxial testing of hyaloclastite samples from Iceland showed that 
with increasing grain size and degree of palagonitisation/lithification, the angle of friction increases 
while cohesion decreases (Bell, 2000).  
Gonzalez de Vallejo (2012) also determined that the hyaloclastites of Tenerife had a unit weight of 
between 23-29 kN/m3, a tensile strength of 1.5-1.8MPa, a Young’s modulus of 4.3 GPa and a Poisson 
ratio of 0.27-0.31. As for UCS values, Seisdedos and colleagues (2012) produced a chart summarising 
unit weight of volcanic units across the world. This chart is presented as Figure 2-19. 
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Figure 2-19 - Summarised unit weight results - numerous lithologies (Seisdedos et al., 2012) 
An example of core obtained from the Tenerife hyaloclastite is shown in Figure 2-20 
Hyaloclastite 
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Figure 2-20 – Hyaloclastite core sample from Tenerife  
 Slake Testing 2.8.4
Only one mention of slake testing of hyaloclastite was encountered. A paper by Ishijima and Fujii 
(1997) stated that the rock was non-slaking yet did experience “80% deterioration” after fifteen freeze 
thaw cycles. The lack of slake testing is surprising given that hyaloclastite appears to fall into the 
category of weak rock where slaking is a considerable geotechnical problem. 
 Rock Mass Classifications 2.8.5
A Geological strength index (GSI) of 60 (del Potro & Hurlimann, 2008) was suggested for the 
Tenerife volcano. Gonzalez de Vallejo (2008) also suggested a Geological Strength Index (GSI) rock 
mass classification value of 10-21, obviously significantly lower than that suggested by del Potro and 
Hurlimann (2008) for the same volcano. A graphically derived GSI of 65 to 70 was used in modelling 
undertaken by Neuffer and colleagues (2006) on the stability of Pyramid Mountain in British 
Columbia, Canada. 
These values compare with a GSI of 52 to 63 (Rock Mass Rating – (RMR) of 57 to 68) for the 
massive subaerial lava flows and GSI of 58 to 63 (RMR of 63 to 68) for the submarine pillow lavas 
(Gonzalez de Vallejo, 2012). No RMR was deduced for the hyaloclastite and no explanation was 
provided for this. The applicability of the rock mass rating systems is discussed in a subsequent 
section of this literature review.  
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Thompson and colleagues (2008) categorised the GSI for hyaloclastites at various stages of 
palagonitisation at between 32 and 56. Thompson also categorised the GSI of pillow basalt at 46. As 
well as summarising UCS and unit weight data, Seisdedos and colleagues (2012) also summarised 
GSI ratings provided to various volcanic rock masses. The summary figure is presented as Figure 
2-21. This summary chart shows how large the range of GSI classifications for hyaloclastites is. 
 
Figure 2-21 - Summarised GSI ratings - numerous lithologies (Seisdedos et al., 2012) 
 
 In-Situ Testing 2.8.6
As discussed previously, to reduce the bias induced by the difficulty in obtaining samples and 
preparing them for testing, in-situ pressuremeter measurements were undertaken by Ferrer and 
colleagues (2010), producing pressuremeter moduli (Ep) results ranging from 10 MPa to 3212 MPa, 
with an average value of 529 MPa. Due to a clustering of values around two points(50-80 MPa and 
125-135 MPa) a characteristic value of 129 MPa was used by Ferrer and colleagues for modelling 
purposes. Table 2-2 presents the results of all 16 pressuremeter tests completed and Figure 2-22 
Hyaloclastite 
 
      43 
 
presents these graphically with a line added to represent the characteristic value as determined by 
Ferrer and colleagues (2010).  
Table 2-2 – Pressuremeter Test Results – Tenerife, Canary Islands (Ferrer et al., 2010) 
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Figure 2-22- Pressuremeter results vs depth – Tenerife, Canary Islands. (Ferrer et al., 2010)  
The characteristic pressuremeter moduli can be compared with test results from pressuremeter testing 
in other types of rock. Figure 2-23 (Failmezger, Zdinak, Darden, & Fahs, 2005) shows typical rock 
pressure modulus values against RQD for multiple rock types. It can be seen that the characteristic 
pressuremeter modulus of 129 MPa for hyaloclastite would be similar to test results obtained in the 
weaker sedimentary rocks such as siltstone, shale and claystone. The range of values presented by 




























Figure 2-23 – Pressuremeter Moduli Values – Multiple rock types (Failmezger et al., 2005) 
Ferrer and colleagues (2010) also used the intact strength information and rock mass classification to 
determine rock mass parameters using the Hoek-Brown criterion. These parameters were used in the 
subsequent slope stability modelling. Interestingly and without explanation of the origin of parameters 
(for example no indication of appropriate GSI use was suggested), Ferrer also provides rock mass 
strengths for hyaloclastites with varying quantities of pillow lavas (and also dyke intrusions). These 
strengths are summarised in Table 2-3. It should also be noted that no information has been provided 
on confining stress to calculate these results, however they are expected to represent pressures 
encountered at depths of 1 and 3 km below surface. 
Table 2-3 – Hyaloclastite Proposed Rock Mass Properties – Tenerife.(Ferrer et al., 2010) 








Mass Modulus E 
(MPa) 
70:30 22.6 1.0 23 1012 
10:90 26.8 8.0 36 12023 
Hyaloclastite characteristic value 
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Whilst it is noted that the distribution of strong rocks (such as pillow lavas) intermingled in the weak 
rocks results in an exceptionally heterogeneous /inhomogeneous foundation material, it is considered 
that weaker hyaloclastites are more common than stronger varieties (Bell, 2000; Oddsson, 1981). 
 Geotechnical effects of palagonitisation 2.8.7
Palagonitisation appears to have a significant impact on the geotechnical properties of hyaloclastites. 
Oddsson (1981) identified changes in the angle of friction, noting that it seems to decrease with the 
onset of palagonitisation (possibly due to the increasing clay content) but then increase as secondary 
mineralisation takes place (such as chlorite and zeolites). Work undertaken by Frolova (2010) and 
Oddsson (1981) on Icelandic hyaloclastites linked the extent of palagonitisation and other secondary 
mineralisation with several mechanical properties including elasticity, strength, density, porosity and 
permeability. Figure 2-24 shows the results of testing with elastic modulus plotted against 
compressive strength. It shows a clear increase in strength properties with palagonitisation.  
An estimated modulus ratio can also be inferred from Figure 2-24 indicating that the modulus ratio of 
Icelandic hyaloclastites is in the order of 200. This does not appear change with the level of 
palagonitisation. 
 
Figure 2-24 – Tangent modulus versus compressive strength of Icelandic hyaloclastites, square symbol from 
Surtsey, Circular from Sigalda, white infill represents palagonitised, black infill represents unpalagonitised. 
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Solid line shows location of low strength and very low strength boundary as defined by Deere and Miller, 1966 
(Oddsson, 1981) 
Figure 2-25 and Figure 2-26 show graphs of porosity against unconfined compressive strength for a 
series of hyaloclastites sampled in Iceland and Siberia and Kamchatka in Russia. The graphs show a 
significant strength increase with decreasing porosity caused by advancing lithification due to 
secondary mineralisation or the transformation of volcanic glass to palagonite.  
 
Figure 2-25 – Variability of UCS (Rc) with porosity (1=least lithified, 4 =most lithified) (Y. V. Frolova, 2010) 
 
 
Figure 2-26 – Variability of porosity and UCS for other Icelandic hyaloclastites (black symbols are un-
palagonitised/unlithified) (Oddsson, 1981) – Note different axis to Figure 2-25. 
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The uniaxial strength of the material varies between a few MPa and 100MPa. In comparison, uniaxial 
compressive strengths of volcanic breccia varied between 0.5 and 25 MPa with strength found to be 
directly related to density (Gonzalez de Vallejo et al., 2008). This highlights the extreme 
heterogeneity of hyaloclastite material caused by the differing extents of secondary 
mineralisation/palagonitisation. Frolova (2010) divides the Icelandic hyaloclastite rocks into five 
groups with different physical properties that are linked to the stage of palagonitisation, which she 
terms “alteration”. Table 2-4 summarises the physical properties and characteristics of the five groups. 
Table 2-4 – Typical Geotechnical Parameters of hyaloclastites with different degrees of palagonitisation (Y. V. 
Frolova, 2010). 
  










































 Light grey 
Density (g/cm3) Min 1.3 1.2 1.53 1.85 2.06 
Max 1.6 1.46 1.85 2.35 2.18 
Mean 1.49 1.35 1.67 2.03 2.13 
Moisture content 
(hygroscopic) (%) 
Min 0.6 3.8 2.2 3.3 1.5 
Max 4.9 10.5 10.5 10.4 3.8 
Mean 2.3 6.5 5.6 5.8 2.3 
Permeability (m/s) Min 2.43E-03 1.94E-02 4.63E-04 2.66E-06 1.16E-07 
Max 6.92E-02 7.35E-02 1.10E-02 2.36E-03 6.94E-07 
Mean 3.82E-02 4.51E-02 7.06E-03 6.42E-04 3.47E-07 
Porosity (%) Min 42 45 31 14 25 
Max 54 57 45 27 43 
Mean 48 51 37 21 33 
Velocity (km/s) (P-
Wave) 
Min 1.25 0.90 1.30 1.30 2.95 
Max 2.55 1.55 2.70 2.95 4.05 




Min 2 2 8 40 48 
Max 13 10 37 111 99 
Mean 7 4 19 60 70 
 
Figure 2-27 shows the ranges of moisture content, porosity, P-wave velocity and UCS for each of the 
varying groups. A general reduction in permeability and porosity is seen with increases in alteration. 
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In addition, with increasing alteration, increases in density, moisture content, velocity and UCS 
strength is observed. The hygroscopic moisture content is seen as a good indication of the volume of 
smectite and palagonite clay minerals in the altered rock. The moisture content therefore increases 
with clay content until the clay alters from smectite to chlorite which does not hold as much water in 
its crystalline structure. Consequently, a reduction in hygroscopic moisture content is observed in the 
most heavily altered rocks.  
 
Figure 2-27 – Typical geotechnical characteristics of hyaloclastites at differing stages of transformation as 
identified by Frolova (2010). 
The degree of palagonitisation clearly has implications on the engineering properties of a rock mass 
and is therefore an important aspect of the engineering geology of hyaloclastites due to the potential 
for rapid cementation and consolidation of loose volcanogenic rocks. The quality of the rock types 
tested varied from weakly cemented varieties with high porosities and permeabilities to dense 
varieties with low porosity and permeabilities. Oddsson (1981) notes that although palagonitisation 
does increase the strength of a deposit, the resultant rocks are still only classified as being low 
strength or weak rocks. 
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Partially palagonitised material can also cause problematic conditions, as the upper palagonitised 
material will be higher in strength than the underlying un-palagonitised material. This is the opposite 
of the normal weathering effect in rocks (Oddsson, 1981). 
Excavated hyaloclastite has poor qualities for reuse as aggregate due to degradation under mechanical 
action, freeze-thaw performance and also low adherence of bitumen (Haraldsson, 1984). 
2.9 Bimrocks 
Saotome and colleagues (2002) postulate from testing data that overall the strength and deformation 
properties of highly heterogeneous hyaloclastite rocks can be expressed by the strength and 
deformation of the matrix plus an increment that depends upon the volumetric proportion of hard 
clasts in a sample. 
This theory leads into another avenue of engineering geology research which deals with the 
identification and assessment of so called “Block-In-Matrix rocks” also known as bimrocks. This rock 
“type” incorporates all rocks formed from harder blocks of rock set in a matrix of weaker rock or 
“mixtures of rocks composed of geotechnically significant blocks within a bonded matrix of finer 
material” (E. W. M. Medley, 1994) and encompasses rocks such as tillites, laharic deposits, fault 
breccias and melanges (E. Medley & Lindquist, 1995). Medley (1997; 2001, 2002, 2004, 2007, 2008; 
2011; 1994) has undertaken much work on the characterisation of bimrocks including determining 
that the weakest component of a bimrock is usually the block/matrix contact, detailing methods of 
assessing the block sizes within the matrix and also researching a “characteristic engineering 
dimension” which determines at what size the blocks in a matrix start to affect the project.  
Medley (1997; 1995; 2001, 2002, 2004, 2007, 2008; 2011; 1994) also highlights the requirement to 
understand the rock as a whole and the contribution or “geomechanical advantage” that the blocks 
provide to the rock, rather than just assuming strength information based on the matrix which leads to 
overly-conservative designs. He emphasises that if the rock is homogenised to a “soil” other rock 
structures such as discontinuities will be ignored. This problem crosses over with the issues 
encountered when working with other weak rocks as discussed in a later section. Medley also believes 
that if blocks are ignored in the design, issues may arise during construction when contractors find 
them in the supposedly homogenous (and weak) modelled rock mass. 
Studies by Medley suggest that the range of block sizes that should be assessed as affecting the 
strength of bimrock lie between 5% and 75% of the Lc or “engineering dimension”. The engineering 
dimension would be for example the footing width, tunnel diameter or specimen diameter of a triaxial 
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test specimen. Any blocks smaller than 5% of the Lc should be assigned to make up the matrix whilst 
blocks greater than 75% of the Lc should be assigned as blocky rock mass. Lindquist and Goodman 
(1994) determined that if the blocks made up less than 25% of the total volume of the rock then the 
mass should be assessed as the strength of the matrix. Conversely if the rock volume was made up of 
greater than 75% blocks, the mass should be treated as a blocky rock mass (with wide in-filled joints). 
Lindquist and Goodman (1994) and Sonmez and colleagues (2009) also produced model analogues of 
bimrocks and tested how the block volume affected the friction angle and cohesion values. The 
findings indicate that the friction angle of the rock increases and cohesion decreases with an 
increasing volume proportion of blocks. This relationship is displayed graphically in Figure 2-28. 
Lindquist (1994) produced charts to show the results obtained from physical experiments with 
bimrock models.  
 
Figure 2-28 – Schematic illustration of the strength behaviour of bimrocks (Sonmez et al., 2009) 
According to Medley (1994) the volumetric block proportion can be calculated initially by calculating 
a “linear block proportion”. This can be approximately equated to the volumetric block proportion 
using stereological principles (or Delesse’s theorem) where theoretically: 
Point proportion=linear proportion=areal proportion=volumetric proportion 
This rule stands if the sample size is large enough, however Medley (1997) gives further guidance on 
using linear measurements for equating block volume and the adoption of a statistical approach to 
reducing uncertainty. 
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Charts of friction angle versus block volume, cohesion vs block volume and friction angle increase 
increment versus block proportions are presented in Figure 2-29. Medley also highlights the similarity 
of the increase in friction angle with block proportion developed by Lindquist for melange rock and 
the trend also shown on the chart labelled “Irfan and Tang, 1993” which is based on work undertaken 
on extremely weathered granitic rocks in Hong Kong comprising of weak matrix material with higher 
strength core stones. This indicates that this approach may be suitable for other rock types other than 
just melange rocks (large scale breccias formed at active tectonic margins). 
 
Figure 2-29 – Variations of friction angle and cohesion with volumetric block proportion Sonmez (2009) 
adapted from Lindquist (1994) 
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Sonmez and colleagues (2009) go even further and have developed a relationship to enable 
practitioners to assess the change in strength parameters based on volumetric block proportion. These 
involve the use of the friction angle of the matrix, the angle of repose of the constituent blocks and the 
volumetric block proportion to determine the friction angle of the bimrock and subsequently the 
cohesion of the bimrock. The uniaxial compressive strength can also be estimated by using a 
coefficient “A” to represent the boundary properties between block and matrix such as if the blocks 
are angular or rounded, with strong or weak adhesion. These equations are presented in Figure 2-30 
below.  
 
Figure 2-30 – Equations for calculations of strength parameters based on VBP (Sonmez et al., 2009) 
It is considered that this type of approach may be suitable for use with hyaloclastite rock types. The 
concept of bimrocks and their engineering significance will be assessed for applicability to 
hyaloclastites in this thesis. 
Despite an extensive search of the published literature, no information could be found on the 
durability of the rock in excavations, such as how it will perform during wetting and drying cycles. 
There is also no information on how hyaloclastite material behaves during tunnelling. 
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2.10 Weak Rocks 
Due to the acknowledgement that hyaloclastite rock can be included in the category of “weak rocks”, 
it was decided a review of literature associated with weak rocks was required to explore different 
geotechnical classifications systems used for weak rocks and also to allow an understanding of some 
typical problems encountered in engineering projects when working with weak rocks. 
A number of authors (Johnston, 1991; Santi, 2006) have addressed the unique issues posed by 
engineering projects situated on or through rocks that are harder than soils but much weaker than 
typical “hard” rock environments.  
Weak rocks show significant potential for slaking, swelling and general reactivity with water, which 
when combined with their low general strength, can lead to strength loss over time (Santi, 2006). 
Swelling or slaking rocks are important to recognise early in the timescale of a project so that the 
effect on engineering projects can be anticipated. Swelling rocks may cause differential movement of 
foundations or structural damage to tunnel structures due to the additional pressure imparted by the 
swelling. In addition, slopes designed in swelling rocks may become unstable due to volume increase. 
Slaking can soften or weaken foundation rocks prior to construction causing excessive settlements. 
Tunnels in slaking materials may cause continued fretting and spalling into an excavation. Slopes 
constructed in slaking materials may become unstable as rock strength reduces upon weathering 
(International Society for Rock Mechanics, 2007a). 
 Weak Rock Assessment and Classification 2.10.1
A number of weak rock classification systems have been suggested with some of these coming about 
because of the requirement to be able to describe the state of weathered rocks which are much weaker 
than they were in their fresh state.  
Santi and Doyle (1997) posited that the weathering grade descriptions as proposed by the Geological 
Society (1995) did not adequately differentiate between weathered rocks and weak rocks. They 
suggested that weak rocks are “intact, unweathered to slightly weathered materials that have low 
compressive strength or are highly fractured”, whereas weathered rocks “show significant 
deterioration, particularly near the ground surface or along fractures”. They also noted however that 
although weak and weathered rocks show markedly different genetic and post depositional histories, 
they both represent a range of properties between those of soils and (hard) rock, suggesting that the 
two types of material can be grouped together for analysis and discussion. Consequently Santi 
adjusted the weathering grade descriptions as proposed by the Geological Society (1995) to include 
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specific descriptions suited to both weathered rocks and weak rock. The combined classification is 
presented as Table 2-5. One feature of this system is that fresh weak rocks do not have a weathering 
grade less than III due to their inherent natural weakness.  
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Table 2-5 – Weathered and Weak Rock Classification (Santi (2006) modified from Geological Society (1995)) 
Weathering 
Grade General Description 
Specific Description 
Weathered Materials Weak Rock Materials 
VI-Residual Soil The rock is completely changed to a soil in which the 
original rock texture has been completely destroyed 
Soil derived by in situ weathering but retaining 
none of the original texture or fabric 
Residual or reworked. Matrix with occasional 




The rock is changed to soil in which the original rock 
texture is (mainly) preserved 
Considerably weakened, slakes, and the original 
texture is apparent. 
Destructured, Greatly weakened, mottled, 
litho relicts in matrix becoming weakened and 
disordered, bedding disturbed. 
IV - Highly 
decomposed 
50-100 percent soil from decomposition of the rock mass Large pieces can be broken by hand; does not 
readily slake when dry sample immersed in 
water 
Partially or distinctly weathered. Weakened, 
close fracture spacing, weathering penetrating 
in from fractures, brown oxidation. 
III - Moderately 
decomposed 
Up to 50 percent soil from decomposition of the rock mass Considerably weakened, penetrative 
discolouring; large pieces cannot be broken by 
hand. 
Unweathered. Original strength, colour and 
fracture spacing. 
II - Slightly 
Decomposed 
100 percent rock; discontinuity surfaces or rock material 
may be discoloured 
 Slight discolouration and slight weakening   
I - Fresh 100 percent rock; no discolouration, decomposition, or 
other change 
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Santi (2006) reviewed technical literature to determine that weak rocks are described as rocks with 
unconfined compressive strengths of between 1 and 20 MPa, have a slake durability of less than 90%, 
a clay content greater than 15%, are poorly indurated, have a significant amount of matrix around 
harder blocks (between 50 and 75%) and a high moisture content of between 5-15% for clayey rocks 
and greater than 1% for igneous and metamorphic rocks.  
Whilst it is essential for geotechnical practitioners to have adequate systems to be able to classify a 
rock as strong or weak, they also require methods for characterising the geotechnical properties of 
weak rock to enable successful identification of weak rock units. 
Santi (2006) suggested a number of field tests, the results of which can be used to classify the rock 
based upon the proportion of matrix to corestones, strength of the rock, spacing and properties of 
discontinuities and the jar slake properties. This classification aims to identify potential problems such 
as slaking, swelling and general reactivity with water, low general strength, strength loss over time 
and the effect of strong corestones in a weak matrix and also describes how these problems may affect 
the engineering of these rocks. 
The strength of the rock can be estimated by several simple field tests including whether the material 
can be broken by hand, if it can be indented by hammer or the effort required for the rock to be 
broken by hammer or rock pick. 
It is also essential to understand the effect of wetting and drying on the rock. This process, known as 
slaking, is caused by the dispersion of soil particles, swelling caused by stress relief and water 
absorption by clay minerals and tensile stresses resulting from compression of entrapped air as water 
is absorbed (Santi, 1998). This property of weak rocks is a major geotechnical hazard to projects due 
to the possibility of rapid degradation of a rock mass (Geological Society Engineering Group 
Working Party, 1995). 
The various testing methods available to determine slaking alter in complexity and repeatability with 
some tests able to be undertaken in the field with no specialist equipment whilst others require 
laboratory equipment.  
The ISRM Suggested Methods for Rapid Field Identification of Swelling and Slaking Rocks (2007a) 
describes a water reaction field test where a 1-2 cm3 piece of rock is immersed in a glass and 
observed for 30 seconds. A “popcorn-like” reaction can indicate swelling minerals causing cracks and 
breaking of pieces of the rock. The process slows down with time. The shorter the time for complete 
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disintegration, the greater the swelling and slaking potential, although the intensity of slaking is noted 
to be highly dependent upon the preceding drying process with reaction on completely dry samples 
being more vigorous. The ISRM therefore recommends it to be advisable to perform several wetting 
and drying cycles. 
To assist the National Institute for Occupational Safety and Health (NIOSH) in America in 
determining the propensity of typical coal mine rocks to deteriorate, Unrug (1997) developed a 
practical index test involving three cycles of immersion of rock core samples in water for one hour 
followed by air drying for 6 hours. From these cycles a “Weatherability Index - WAI” is calculated 
using the equation: 
 
= × 100 
Where: WAI=Weatherability Index, % 
 Wini=Initial weight of samples, grams 
 Wrem=Weight of largest remaining fragment of a sample, grams. 
In the coal mining industry sandstones typically had the lowest WAI of approximately 10% whilst 
fireclays and sandy shales had WAI of between 32% and 62% respectively. WAI values of greater 
than 40% are empirically shown to have moderate to high moisture sensitivity whilst a value of less 
than 40% represents a rock with low moisture sensitivity. 
The simplest of all the slaking tests is the jar-slake test which involves taking a 30-50g oven dried 
sample and immersing it in distilled water. The resulting disintegration style or lack thereof after 30 
minutes and 24 hours elapsed time is used to categorise the propensity to slake on a scale of 1 to 6, 
where 1 indicates that the sample degrades to a pile of flakes or mud and 6 is non-slaking. This 
method (as detailed in Santi (1998)) along with a proposed improvement of comparing results with 
standard photographs to increase repeatability, are detailed in Santi (2006) (Figure 2-31).  
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Figure 2-31 – Modified jar slake categories and descriptions (Santi, 2006) 
Santi and Koncagul (1996) have attempted to correlate the jar slake categories with the four common 
modes of slaking suggested by Moriwaki and Mitchell (1977):  
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 Dispersion Slaking –submerged samples completely dissolve releasing air bubbles in the 
process and forming a cloudy residue (Jar Slake Category 1). This mode is expected to 
dominate when Na-Kaolinite is abundant.  
 Swelling Slaking – where samples disintegrate in response to volume changes of clay 
minerals such as Na-Montmorillonite. 
 Body Slaking – macroscopic disintegration of material. Material fractures into irregular 
blocks (Jar Slake Category 4 and 5). This mode is expected to dominate when Ca-Kaolinite 
and Ca-Illite are abundant. 
 Surface Slaking – formation of thin plates linked to the presence of Ca-Montmorillonite (Jar 
Slake Category 2 and 3). 
Santi (1998) also details the Slake Index Test, where six 150g oven dried samples are weighed, placed 
in distilled water and observed intermittently for 6 hours. The samples are then removed washed over 
a #10 (2mm) sieve, oven dried again and weighed again. The slake index is calculated as the total 
percentage weight loss of all six pieces. Santi and Koncagul (1996) increased the soaking time to 24 
hours to match the jar slake test. A chart approximating the jar slake value and the slake index is 
presented in Figure 2-32. 
 
Figure 2-32 – Relationship between 1 cycle slake index value and jar slake value (Santi, 1998) 
The slake properties of weak rock can also be determined using the slake durability test. This test 
method, which has been accepted by the American Society for Testing and Materials (ASTM), is the 
most widely used durability test due to the use of a quantitative and semi-automated process which 
minimises variations in results (Santi, 1998). The slake durability test is undertaken by taking ten 
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roughly equidimensional fragments of between 40-60g each, placing them in a drum and then oven 
drying for 16 hours. The drum is then mounted on a motor so that the drum is semi-immersed in 
distilled water. The drum is then rotated at 20 rpm for 10 minutes, removed from the water (the fines 
slaked off the samples having fallen through the apertures in the drum) dried for 16 hours and then 
repeated with a further round of rotations. Once this has been completed the samples are then dried 
again and the slake durability of the samples calculated as the percentage dry weight of the retained 
sample after both cycles. These are expressed as ID(1) and ID(2). 
The correlation between these three tests is described by Santi (2006) with the results presented in 
Table 2-6. This table assists in assessing the durability of rocks where time and budget may only 
allow jar slake testing to be completed. 
 
Table 2-6 – Slake Testing Result Relationships (Santi, 2006) 




Behaviour of material after 
long-term exposure to 
weathering 
1 Degrades to pile of 
flakes or mud 
0-15 75-100 Soil 
2 Breaks rapidly and/or 
forms many chips 
15-25 40-90 Soil 
3 Breaks slowly and/or 
forms few chips 
25-40 25-70 Very poor rock 
4 Breaks rapidly and/or 
develops several 
fractures 
40-55 5-30 Poor, yet durable rock 
5 Breaks slowly and/or 
develops few fractures 
55-70 5-15 Good to fair rock 
6 No change 70-100 0-10 Good to fair rock 
 
2.11 Classifications and Categorisation 
 Rock Mass Classifications 2.11.1
To explore whether a hyaloclastite rock mass could be classified with respect to recognised rock mass 
classification systems a review of literature on rock mass classifications was undertaken. Several rock 
mass classification systems have been developed to assist in the process of analysis and design in 
varying rock masses. These systems are based on empirical relationships between rock mass 
parameters and engineering applications. Rock mass classification aids in the division of a rock mass 
into zones or domains of similar rock mass properties and the characterisation of parameters that have 
the most significant effect on the mechanics of the rock mass. The empirical nature of the 
classifications relies on applying the experience of the rock mass properties from previous projects to 
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current ones, allowing quantitative data and design guidelines to be derived without extensive in-situ 
testing of the rock mass properties. Rock mass classifications also provide an efficient method of 
communication between engineering geologists and geotechnical engineers (Matthews, Simons, & 
Menzies, 2008). 
The three main rock mass classification systems in general use around the world today are: 
 The rock mass rating, or RMR system developed by Bieniawski (1974) 
 The Q-System developed by Barton and colleagues (1974); and  
 The GSI, or geological strength index, initially developed by Hoek (1994).  
The RMR and Q-Systems were developed primarily to assist in assigning support types for tunnels 
constructed through blocky rock masses. The GSI system, although not containing any rock mass 
support or reinforcement capability, was developed to place greater emphasis on basic geological 
observations of the rock mass including the blockiness of the rock and condition of discontinuities. In 
contrast, the Q-System and RMR were primarily developed for (and tested in) hard, jointed rock 
systems. The Q-System has also been tested in weak rocks with few or no joints with the caveat that 
other methods should also be considered for support design along with deformation measurements 
and numerical simulations/modelling in squeezing or very weak rock (Norwegian Geotechnical 
Institute, 2013). The RMR system is perceived to be difficult to apply to rock masses of very poor 
quality (V. Marinos, Marinos, & Hoek, 2005). 
The GSI system developed by Hoek (1994) was further expanded by Hoek and colleagues (1998), 
Marinos and Hoek (2001) and Marinos and colleagues (2005) to incorporate weak, heterogeneous 
rock masses. Marinos and colleagues (2006) suggest that the GSI has considerable potential for use in 
rock engineering because of its inherent use of geological observations and the allowance of aspects 
of rock to be quantified leading to an enhanced geological logic and reduction in engineering 
uncertainty. However, they question the applicability of GSI in weak rocks with no or very few 
discontinuities where the intact properties are deemed to be more appropriate. Where discontinuities 
are present, the blocky or massive category may be suitable however the discontinuities of weak rocks 
cannot be better than the rock mass so must have an upper limit of “fair” and are usually “fair” or 
“poor”. Hence the values for weak rock masses tend to be in the range of 45-65 (V. Marinos et al., 
2005). In the only reference found discussing rock-mass classification of rocks derived from material 
created during the interaction of lavas and water, Marinos and colleagues (2006) describe how rocks 
comprised of pillow lavas with exfoliated spherical zones surrounded by friable or sheared material 
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have a range of GSI values varying from 25 to 50. With particular note about how the sheared 
surfaces could result in local structural failure. The GSI characterisation puts the structure in the realm 
of “blocky/disturbed/seamy” with “fair” to “poor” joint surface conditions. 
Hoek and Brown (1997) looked at several practical examples of GSI use during rock mass strength 
calculations. One such example was the application of the Hoek Brown Criterion to massive and weak 
rock masses (the classification into which a hyaloclastite would most likely fit). Rock mass 
classification of the cemented breccia in a Chilean mine was first attempted using RMR, however the 
few discontinuities lead to difficulty in determining realistic numbers to categorise discontinuity 
spacing. Due to the “almost intact” rock mass, it was decided to determine properties on large 
diameter (100 mm) samples. An estimated GSI was back calculated to be approximately 75. If it is 
decided that hyaloclastites fall into the massive-weak rock category, triaxial testing of large diameter 
samples to determine properties may be the best method of determining “rock mass” strength. 
A rock mass behaviour categorisation system developed by Stille and Palmström (2008) was also 
identified as a possible method of categorising and understanding the rock mass behaviour of the 
rocks identified. This system is similar to the GSI in its use of geological observations and lists 
several categories of rocks including weak highly fractured rocks and weak massive rocks. 
For comparison and discussion purposes about the suitability of these classification systems in weak 
hyaloclastite rock types I have classified a number of different categories of hyaloclastites as found in 
Melbourne. These classifications and discussions are detailed in subsequent sections.  
 Weak Rock Classification 2.11.2
The classification system of weak rocks suggested by Santi (2006) makes use of the following 
parameters: 
 Weathering grade (so called C-Value) – this takes into account the percentage of corestones 
and matrix 
 Strength of the rock (S-Value)  
 Spacing and condition of discontinuities (D-Value) 
 Jar slake value (R-value) 
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These parameters are combined to determine the long-term performance of the material in relation to 
engineering practices such as whether the material should be treated as a soil, whether discontinuities 
or intact strength determine mass strength of the material and how much loss of strength can be 
anticipated over time 
The weathering grade of the rock (the C-value) is derived from the classification developed by the 
Geological Society Engineering Group Working Party Report on The description and classification of 
weathered rocks for engineering purposes (1995). The similarity of a weathered stronger rock and a 
normally weak hyaloclastite is exemplified by the statement that as weathering works inwards from 
discontinuities, so the mass may develop a marked heterogeneity with relict fragments or corestones 
of relatively unweathered and stronger rock surviving within a more severely weathered matrix. That 
is, a mixture of relatively strong material and weak material. This weathering classification method is 
detailed in the Working Party Report as “Approach 3: Prescriptive Classification for Heterogeneous 
Masses” (Norbury et al., 1995). The advantage of this system is the focus on typical characteristics 
(such as strength and permeability) and how they are altered with varying quantities of corestones. 
This system is summarised in Table 2-7. 
Table 2-7 - Weathering Classification for Heterogeneous Masses and Geotechnical Characteristics 
(Norbury et al., 1995)(after Geological Society Engineering Group Working Party (1995)). 
Guideline proportion material grades Typical Characteristics 
100% fresh to moderately weathered rock Behaves as rock; apply rock mechanics 
principles to mass assessment and design 
>90% fresh to moderately weathered rock, <10% highly 
weathered to residual soil 
Weak materials along discontinuities. Shear 
strength, stiffness and permeability affected 
50-90% fresh to moderately weathered rock, 10-50% highly 
weathered to residual soil 
Rock framework still locked and controls 
strength and stiffness; matrix controls 
permeability 
30-50% fresh to moderately weathered, 50-70% highly 
weathered to residual soil  
Rock framework contributes to strength 
matrix controls stiffness and permeability 
<30% fresh to moderately weathered, 70-100% highly 
weathered to residual soil  
Weak rock controls behaviour. Corestones 
may be significant for construction and 
investigations 
100% highly weathered to residual soil  May behave as soil although relict fabric may 
still be significant 
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The working group recognised the difficulty in assigning zones, such as those outlined in Table 2-7, 
based upon borehole cores and the difficulty in determining volumetric percentages even where 
exposure is good. 
The various values (C, S, R and D) are combined and using the diagram shown as Figure 2-33, an 
estimate can be made to determine how the rock will behave in an engineering situation. 
 
Figure 2-33 – Weak rock classification diagram (Santi, 2006) 
Due to the ease with which this classification system can be used, assessments of hyaloclastite rock 
have been made using this classification system in subsequent sections of this thesis. As the results of 
jar slake testing are used in this classification system, this type of slake testing has been completed on 
hyaloclastite rock identified and sampled in the Melbourne area for this study. 
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2.12 Synthesis 
 The state of Victoria in Australia has seen outpourings of basaltic type lavas for much of the 
last 60ma 
 Basalt flows of the Newer Volcanics Group have infilled valleys in the palaeo-topography 
across much of western Victoria and the greater Melbourne area.  
 Differing weathering profiles are present throughout the lava flows with some flows more 
highly weathered than others possibly due to exposure or the initial degree of vesicularity. 
 Features such as spiracles and lava tubes occur throughout the lavas across the state. 
 The upper 1 to 3 m from surface has usually weathered to a mixture of montmorillonite clay 
and basalt “corestones” locally known as floaters. These corestones and significantly variable 
rockhead pose significant problems for engineering projects involving shallow excavations. 
 Limited pyroclastic material comprised of scoria, tuff and ash can usually be found closer to 
eruption points.  
 There are infilled seams or zones where open defects have been infilled with secondary 
hydrothermally derived infill and also included rounded basalt pieces. 
 No mentions in literature of hyaloclastite, palagonite or pillow lavas in respect to Newer 
Volcanics Group or Province in Victoria, Australia have been found. 
 The brecciated unit encountered at several locations across the Melbourne area within the 
Newer Volcanics Group has been identified as hyaloclastite. 
 Hyaloclastites have been found in numerous locations globally and key infrastructures 
projects are constructed on or within hyaloclastite in Japan and Iceland 
 Hyaloclastite is also known as palagonite breccia as the sideromelane within the hyaloclastite 
reacts with groundwater and becomes palagonite – a crystalline smectite/illite based mineral 
 Hyaloclastites are formed by pyroclastic/hydrovolcanic processes, and comprise spalled 
fragments of volcanic glass (usually sideromelane) and basalt fragments.  
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 Hyaloclastites have been found to form lava deltas in coastal environments as well as in 
valleys where lakes are thought to have existed. They can occur below subaerial lava flows, 
with the flows separated from hyaloclastites by a “passage zone”. This passage zone is 
determined by (and indicates) the former water (lake or sea) level. 
 Pillow lavas may collect at the foot of the delta after tumbling down the delta front (forming a 
pillow-palagonite complex) with the proportion of pillows to palagonite or angular fragment 
breccia increasing as the viscosity of lava supplying the delta decreases. 
 Difficult to test in laboratory due to problems of retrieving representative samples in highly 
heterogeneous rocks and disintegration during sampling or preparation 
 UCS test results vary from approximately 1 to 40 MPa. 
 Triaxial testing showed that the angle of friction increases with grain size and degree of 
compaction while cohesion decreases with increasing grain size and decreases with 
compaction 
 Overall strength and deformation properties of rock thought to be determined by the strength 
and deformation properties of the matrix plus an increment that depends upon the volumetric 
proportion of harder fragments in the rock. 
 Harder blocks in weaker matrix can also be considered to act like weathered rock masses with 
weak matrix surrounding higher strength corestones. 
 Hyaloclastites, particularly those ones containing pillow lavas may be included in a group of 
rocks collectively known as “Bimrocks” or Block In Matrix rocks 
 Hyaloclastite can also be classified as a weak rock and may have associated problems such as 
rapid slaking causing degradation of the rock mass. A weak rock classification system has 
been identified which might be suitable to classify the rock and identify broad engineering 
properties. 
 Hyaloclastites and pillow-palagonite complexes may be classified appropriately using the GSI 
and Q rock mass classification systems and less so by the RMR system as it is focused more 
on blocky, hard rock masses. 
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 Data Collection 3.
3.1 Methodology 
Several methods of data collection were used to gather sufficient information to allow the occurrences 
and geological nature of hyaloclastites and associated pillow basalts in the Melbourne area to be better 
understood. The aim was to understand the general locations, morphology and engineering properties 
and behaviours of the deposits. The results from two geotechnical investigations undertaken by the 
author in two suburbs of Melbourne, Footscray and Alphington, were used for this purpose. Outcrop 
mapping was also completed at outcrops of hyaloclastite and pillow basalt identified during the course 
of this study. Historical borehole logs and as built drawings of sewer tunnels were also obtained to 
assist in the understanding of the previous description terminology associated with what has now been 
identified as hyaloclastite. Laboratory testing including a range of standard and ‘non-standard’ testing 
was completed on selected samples obtained from the geotechnical investigations and outcrop 
mapping stages. 
3.2 Historical Borehole Logs 
Although there exists a significant number of historical drilling records of investigations completed by 
the former Melbourne Metropolitan Board of works dating back to the early 1900’s, their availability 
for use in this study was restricted due to a change in policy by the statutory authority that retains the 
information. Thus whilst desirable, unfortunately much of the MMBW data could not be assessed for 
this study. Some borehole logs from drilling completed for sewers along Darebin Creek and as-built 
tunnel drawings were found in GHD’s archives and have been incorporated into this study. Anecdotal 
information was obtained from colleagues and other sources within the geotechnical industry about 
the possible presence of hyaloclastite and/or pillow basalt rocks elsewhere in Melbourne. Due to wide 
ranging issues of confidentiality, these sources and projects cannot be named. Figure 3-1 shows the 
general areas from which geological and/or geotechnical information was obtained. The historical 
borehole logs obtained are presented in Appendix A. 
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Figure 3-1 – General locations of reports from geotechnical investigations or anecdotal information (Google) 
3.3 Geotechnical Investigations - Footscray 
 Objectives 3.3.1
The objective of this geotechnical investigation was to allow completion of a feasibility study for a 
new apartment tower building. As part of the feasibility study the subsurface profile was characterised 
to allow for an options assessment for development of the site. The main questions that faced the 
developers were whether the bedrock was shallow and if so, whether its excavation characteristics 
would mean it was prohibitively expensive to construct a basement car park. The developer was also 
requiring information on the suitability of different foundation types that would be required to support 
the proposed multi-storey building considered for the site. 
 Site Description 3.3.2
The site slopes towards the Maribyrnong River with an elevation change of between 4.0 and 6.5 m 
over a distance of approximately 90m. The banks of the river are approximately 70m from the eastern 
boundary of the site. Although the slope is considered natural, the surface has been paved with 
5km 
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concrete and asphalt and a number of buildings associated with the car sales yard have been 
constructed. No geological exposures were available for inspection on site however an approximately 
3m deep excavation was located to the south of the site. The excavation showed basalt with 
characteristic subvertical and subhorizontal jointing system from approximately 0.5m below the 
surrounding surface level and the base of the excavation. The site location with topographic contours 
and borehole locations is presented as Figure 3-2. 
 
Figure 3-2 – Site location and borehole plan (Department of Environment and Primary Industries) (elevations in 
m AHD) 
 Geological Hazard Identification 3.3.3
The Melbourne 1:63,360 (1 inch to 1 mile) geological mapsheet (Geological Survey Victoria, 1974) 
shows the site is situated on the Pliocene age Newer Volcanics Province tholeiitic basalt. Holocene 
age alluvial deposits are shown very close to the eastern boundary of the site. These deposits make up 
part of the alluvial and estuarine deposits of the Yarra River delta. An excerpt from the geological 









Figure 3-3 – Geological map excerpt – Footscray (pink – Newer Volcanics basalt, stippled yellow – alluvial and 
estuarine deposits of the Yarra River delta (Geological Survey Victoria, 1974) 
The alluvial deposits of the Yarra River delta are frequently soft to very soft in the upper units 
becoming more competent and granular with depth. The upper soft to very soft sediments are 
estuarine in origin and form part of the Holocene Coode Island Silt unit. The Coode Island Silt is a 
dark grey or black silty clay or silt with some fine grained sand, shell beds and peat layers. Projects 
encountering this material have to factor into design the very low strength and high compressibility of 
the soil deposit. There is also a potential for the soil when exposed to the air to start releasing 
sulphuric acid as the pyrite minerals oxidise, therefore these deposits are potential acid sulphate soils. 
Limited features are shown associated with the basalt deposits other than symbols indicating the 
presence of basalt quarries which have now mostly been backfilled with waste materials. The infilling 
of quarries presents a potential geological and environmental hazard to proposed infrastructure 
projects in the Footscray area. The basalt stone was historically quarried for building and paving use 
but also for the supply of ballast for ships offloading cargo at the nearby ports. One of the quarries on 
the published geology map has an annotation indicating that pillow structures were observed at the 
base of the basalt flows. These pillow basalts were noted in a quarry approximately 1.3km north-west 
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The desktop study identified three main geological hazards to development of the site, these were: 
 The difficulty associated with excavation of basement car parking levels in high strength rock 
(UCS>150MPa) 
 The possibility that soft sediments may cover the lower reaches of the site potentially 
requiring deeper foundations in this area to avoid excessive settlements of the proposed 
structures 
 The possible presence of uncontrolled infilling from a previously unrecorded quarry in the 
basalt, which would potentially need to be piled through or removed and disposed of off-site 
causing environmental problems. 
It was decided that the borehole drilling as described above would provide the best method to 
determine the validity of the possible geohazards. 
 Geotechnical Investigation Methodology 3.3.4
The completed desktop study showed that the site was in an area of the Newer Volcanics Province. 
Basalt less than 3m below the surface was therefore expected to be found on site. It was decided that 
the depth and strength of the underlying rock could only be tested by drilling boreholes with a drilling 
rig capable of advancing holes by rock coring methods. As the project was a feasibility study it was 
decided to advance the boreholes to beneath the Newer Volcanics to allow a full picture to be built up 
of the site’s geological profile and ensure that any future foundation levels would not be close to the 
base of the basalt. Boreholes were drilled by a Boart Longyear track mounted Deltabase DB520. The 
author attended the site to position the boreholes and log the soils and rock encountered during the 
drilling process. The location of the boreholes was also significantly affected by the requirement to 
work around parked cars and buildings in a busy car sales yard which occupied the site at the time. 
The drilling was completed with HQ size (63.5mm diameter) triple-tube wireline coring equipment. 
Triple tube coring methods were used to increase the recovery rate of any fractured rock encountered. 
Water flush was used to remove cuttings from the hole with no addition of drilling muds or polymers. 
The boreholes were set out across the site with one borehole at the highest point on the site, one at the 
lowest point and one point midway. This pattern of boreholes was implemented to provide as much 
subsurface information as possible across the site and allow the construction of a geological model.  
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3.4 Geotechnical Investigations - Alphington 
 Objectives 3.4.1
This geotechnical investigation was undertaken to provide information for the design of a sewer 
tunnel to be constructed in the suburb of Alphington approximately 6.5 km east of the CBD. 
Geotechnical and geological investigations were undertaken to provide information for the design of 
an approximately 850 m long sewer tunnel. There was a requirement to construct a new sewer as the 
existing sewer running nearby, constructed around 1903, was approaching the end of its serviceable 
life and was under capacity at peak times resulting in occasional spills of raw sewerage into the Yarra 
River. 
The geotechnical and geological investigations were staged to enable a thorough and logical gathering 
of geotechnical data for the replacement sewer. 
 Site Description 3.4.2
The project area sits on the edge of a plateau formed by the lava flows of the Newer Volcanics Group. 
This plateau varies in elevation from approximately 22 to 25 m AHD. Towards the south of the 
project area the surface slopes towards the Yarra River floodplain. The elevation of the floodplain is 
approximately 8 to 9 m AHD. The difference in elevation occurs over a distance of between 80 and 
100m. The area is predominantly residential or parkland however a major paper mill is present 
midway along the tunnel alignment. No geological exposures were available for inspection in the 
project area. The project area and topography are displayed in Figure 3-4. 
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Figure 3-4 – Project Area (Department of Environment and Primary Industries) 
Plans showing the borehole locations completed for the project are presented in Appendix B. 
 Geological Hazard Identification 3.4.3
The Ringwood 1:63,360 (1981) and the Melbourne and Suburbs 1:31,680 (1959) geological map 
sheets show the project area to be located at the edge of the basalt lava flows of the Newer Volcanics 
Group. The maps indicate that the basalt is sitting on the Silurian age siltstone bedrock with more 
recent Quaternary alluvial deposits present in the floodplain of the Yarra River (Figure 3-5). The 
southern side of the Yarra River valley is indicated to be Silurian age siltstone with a capping of 
Tertiary (Pliocene) age Brighton group sands. The edge of the basalt may represent the maximum 
lateral extent of the flow or may represent an erosive surface that has been incised after the path of the 
Yarra River was disrupted by lava flows. As evidence that the drainage patterns have been disrupted, 
the 1959 geological map shows the path of a water-course, in this case the Yarra River, beneath the 
basalt flow under the project area. This is shown in Figure 3-6. 
Project boundary 




Parkland Paper Mill 
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Figure 3-5 - Geological map excerpt (Geological Survey Victoria, 1981) 
 









      76 
 
From an engineering geological perspective, several questions were posed prior to the investigations 
being undertaken. Firstly it was apparent that the tunnel would be through basalt which was at the 
edge of a plateau which either marked the edge of a flow or a significant erosional contact. It was 
uncertain if being close the edge of the plateau would have a detrimental effect on the integrity of the 
rock mass, such as an increase in fracturing due to more rapid cooling or more intensive weathering 
due to a larger surface area being exposed to the elements. As the tunnel was proposed to be 
approximately 15m below surface level it was also considered a possibility that all or some of the 
tunnel horizon may be below the bottom of the basalt flow and possibly in weathered siltstone or 
alluvial material from the buried water course. The buried water course could add hazards such as the 
presence of highly variable high and low permeability zones within the river bed sediment profile. 
The possibility of encountering mixed face conditions during tunnel excavation, causing problems for 
the steering of the TBM, was also considered to be a significant risk to the project. 
 Geotechnical Investigation Methodology 3.4.4
The desktop geohazard assessment of the project site indicated that the geology of the site would be 
dominated by the presence of the basalt lava flows of the Newer Volcanic Group. As at the Footscray 
site, it was determined that due to the depth and strength of the underlying rock, the rock beneath the 
site could only be tested by drilling boreholes with a drilling rig capable of coring through rock. 
At the feasibility/concept design stage of the project it was decided to advance the boreholes to 
beneath the Newer Volcanics Group to provide a good level of geological background information on 
which to commence development of a geological model. Boreholes were drilled by a Boart Longyear 
track mounted Deltabase DB520. The author attended the site to position the boreholes and log the 
soils and rock encountered during the drilling for the first stages of investigation. Boreholes were 
positioned at critical locations such as at proposed manhole locations where shafts would be 
constructed and at the microtunneling/pipe-jacking tunnel boring machine (TBM) launch and receival 
locations. Boreholes were also drilled along the alignment to infill data gaps where no structures other 
than the tunnel was proposed. Borehole locations were positioned in public parks or in the road 
reserve with the permission of the relevant council. The initial drilling was completed with HQ size 
(63.5mm diameter) triple-tube wireline coring equipment. Triple tube coring methods were used to 
increase the recovery rate of fractured rock. Water with the addition of a guar gum based thickening 
agent (or viscosifier) was used to densify the drilling fluids and aid in removals of cuttings from the 
hole. Significant water losses were encountered during the drilling as water flowed into the fractured 
rock or weakly lithified formations. 
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At the detailed design stage additional geotechnical drilling work was required to answer questions 
about the geological profile after development of an initial geological model. Boreholes were 
positioned to gather information on these critical areas and also to target geological boundaries in the 
vicinity of the tunnel horizon. In an attempt to increase core recovery the size of wireline diamond 
coring was increase from HQ (63.5mm) to PQ (85mm). In order to investigate some anomalies, 
including the presence of possible voids and zones of core loss, an optical televiewer was utilised in 
some boreholes. The OTV works by recording an optical image of the rocks exposed in the borehole 
walls which are illuminated by a light source incorporated into a downhole tool. The images are 
recorded at a speed of approximately 1 metre per minute. The images are orientated relative to 
magnetic north using an inbuilt compass. 
Geophysics, in the form of surface and cross-hole seismic surveys was also used, primarily in one 
location where a major shaft was proposed and the functional design drilling showed anomalous 
ground conditions. 
3.5 Geotechnical Logging – Alphington and Footscray 
Borehole cores recovered during the geotechnical investigations was logged on site. The rock quality 
designation (RQD) was recorded per run. The strength of the rocks was also logged using descriptive 
terminology of Very Low, Low, Medium, High, Very High and Extremely High Strength. The 
weathering grade was also logged using the terminology residual soil (also known as completely 
weathered), extremely weathered, highly weathered, moderately weathered, slightly weathered and 
fresh. These systems are generally as outlined in AS1726:1993 (Standards Australia, 1993) with a 
minor change of the weathering grade system. The AS1726:1993 stipulates the use of the term 
“distinctly weathered” as a catch-all category for highly weathered and moderately weathered 
categories. The author considers that this range is too large for the weathering of rocks frequently 
encountered during engineering projects as it encompasses all rocks between slightly weathered 
(some minor colour change, minimal strength change) and extremely weathered (remouldable by 
hand, soil like properties but rock fabric still present). The terms highly and moderately weathered 
were instead used to indicate rocks that show complete discolouration and staining but show 
significant loss in strength and minor loss in strength respectively. 
The fracture frequency, expressed as the number of natural (non-drilling or handling induced) 
fractures per metre and the total core recovery, expressed as a percentage of recovered core length to 
core run length, was also recorded. Lithological information was also recorded as was an attempt at 
classification of the materials into different “classes” of basalt at Alphington. Whilst this indicates that 
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my colleagues in general identified that the hyaloclastites and pillow lavas were geotechnically 
different, the identification of hyaloclastite had not been made at that stage.  
3.6 Outcrop Identification and Mapping 
 Reconnaissance 3.6.1
In order to better understand the geological relationships of the materials it was desirable to identify 
any outcrops of rock which showed hyaloclastite or pillow structures as encountered in the 
geotechnical borehole drilling. It was considered that any rock masses encountered at outcrop scale 
would provide more information on the rock mass properties such as joint spacing and joint 
conditions and also provide valuable information on the interaction between the hyaloclastites, any 
pillow basalt inclusions and also how these materials related to the passage zone (if it could be 
identified). In order to locate any outcrops a series of geological “reconnaissance mapping” traverses 
were completed along major creeks and rivers cutting into the basalt of the Newer Volcanics Group. 
Access is fortunately easy and convenient to these areas with Melbourne’s bicycle path network 
frequently running along rivers and creek reserves. Figure 3-7 shows the positions of the traverses 
displayed on the 1:250,000 scale geological map of Melbourne. 
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Figure 3-7 – Location of geological reconnaissance traverses (VandenBerg, 1997.)  
From the approximately 23.5 km of geological reconnaissance mapping undertaken, evidence of 
either pillow basalt or hyaloclastites was identified at two main locations. One of the most significant 
outcrops was found along Darebin Creek between the suburbs of Ivanhoe and Thornbury. This 
outcrop shows relatively clearly the relationship between hyaloclastites, the pillow basalt inclusions 
within the hyaloclastite and also the relationship with the overlying passage zone and subaerial basalt. 
This location was less than 1km from the geotechnical investigation location at Alphington.  
The second location is in the suburb of Richmond and is found on the banks of the Yarra underneath 
an elevated section of the Monash Freeway and shows almost 100% pillow lavas with only minimal 
interstitial clay or palagonite seams. 
As well as observing some of the hyaloclastite and pillow lava deposits, some typical features of 
“normal” basalt encountered in Melbourne were also recorded. Where possible the nature of the 
contact between the base of the basalt flow and the underlying rock, usually comprising Silurian age 















Yarra Traverse 2 
Qrc/Qra – Quaternary 
colluvium/alluvium 
Qvn- Quaternary - Newer 
Volcanic Basalt 
Tpb – Tertiary Brighton Group 
Tvo – Tertiary Older Volcanics 
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3.7 Laboratory Testing Methodology 
 General Testing Procedures 3.7.1
A suite of laboratory tests was undertaken on the rocks encountered at the two geotechnical 
investigation sites as well as the outcrops. However, significant problems were encountered obtaining 
representative samples of hyaloclastite rock. Problems were also encountered, when samples 
(particularly of the low-strength hyaloclastite units) failed to reach the laboratory in an intact state and 
some deteriorated under preparation to such an extent that the testing could not be completed. The 
deterioration of samples meant that several unconfined compressive strength tests with strain 
measurements and triaxial (Hoek cell) tests could not be completed. Notwithstanding this, several 
samples obtained underwent successful laboratory. The laboratory testing completed is detailed and 
analysed in Section 4 and 5. 
The following tests were completed on samples from all study locations (geotechnical investigations 
and outcrops): 
 Moisture content testing (Standards Australia, 2005a, 2008) 
 Plasticity Indices (Atterberg limits) (Standards Australia, 2009b) 
 Particle size distribution on excavated and disaggregated samples (Standards Australia, 2003, 
2009c) 
Samples from geotechnical investigations (Alphington and Footscray) were tested for: 
 Dry and wet density (Standards Australia, 2005a, 2005b, 2005c) 
 Point load testing  (Standards Australia, 2007a) 
 Unconfined compressive strength testing (Standards Australia, 2007b, 2013) 
Due to the large scale of the Alphington project, further testing was undertaken on samples recovered 
during geotechnical investigation:  
 Porosity  (Standards Australia, 2005a, 2005b, 2005c) 
 Young’s modulus (Standards Australia, 2009a)  
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 Poisson ratio (Standards Australia, 2009a) 
 P-wave velocity (American Society for Testing and Materials, 2008)  
 Hoek cell triaxial compression test (International Society for Rock Mechanics, 2007b) 
 Undrained triaxial compression with measurement of pore water pressure where the sample 
was too weak for a Hoek cell test (Standards Australia, 1998) 
Where point load index testing data is available, an equivalent UCS value was estimated by use of an 
empirical correlation factor “K value”.  
As outlined by various authors (Rusnak & Mark) the point load index (PLI) can be directly related to 
the UCS of a rock by use of a conversion factor “K”. The relationship being: 
 
Several sources listed by Rusnak and Mark  estimate the K-value to differ between 8 and 30 
depending upon lithology. The lower ranges of K are the domains of the mudstone, siltstones and 
shales. Ranges of between 12.6 and 14.1 are suggested for these types of rocks. Using the average PLI 
and UCS values for the hyaloclastites tested, a K value of 10.4 was calculated. This was calculated by 
dividing the average unconfined compressive strength of samples taken from both Alphington and 
Footscray (3.7 MPa) by the average Point Load Index value of tests undertaken on samples from 
Footscray and Alphington (Is50= 0.36 MPa). This conversion factor is exceptionally low when 
compared with crystalline igneous rock type conversion factors but is still of a magnitude that seems 
reasonable when comparing the matrix strength to that of something broadly analogous such as a 
mudstone or siltstone. It is therefore recommended that a k value of between 10 and 14 is used when 
converting PLI values from hyaloclastite to an equivalent UCS. 
The conversion factor for the subaerial basalt was chosen from unpublished research from the 
University of Melbourne.  
For testing or procedures, where no Australian Standard exists or the accepted methodology has been 
significantly modified, the method utilised is described below. 
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 Disaggregation of Rock Samples 3.7.2
Early attempts at disaggregation by crushing failed due to the high adhesion of the palagonite to the 
basalt clasts present within the hyaloclastite. The amount of force required to break the adhered 
palagonite from the basalt clasts also fractured many of the basalt clasts in the process. This fracturing 
artificially affected the particle size distribution of the rock. This method was therefore not explored 
further. 
During the literature review a method of sample disaggregation described by Saotome and colleagues 
(2002) was encountered. The method involves a cycle of sample drying at 110ºC, soaking the sample 
and then freezing the sample. This process is repeated five times reportedly resulting in the total 
disaggregation of the sample.  
This method was adopted for this study and utilised with good results. Subsequent experimentation 
led to the omission of the sample drying part of the cycle. No reduction in efficacy was encountered 
by omitting the sample drying possibly due to the non-slaking properties of the rock in general. 
Photographs of one sample of the rock after the freeze thaw cycles are presented as Figure 3-8 and 
Figure 3-9. The resultant disaggregated rock underwent a particle size distribution test to allow a 
better understanding of the particle sizes which make up the rock. Photographs of some disaggregated 
rock samples ready for grading testing are presented in Figure 3-10 and Figure 3-11.  
 
Figure 3-8 – Sample after freeze-thaw cycles (sample BH-NY23 19.3-19.43m) 
 




Figure 3-9 – Slight breaking of sample with hammer (sample BH-NY23 19.3-19.43m) 
 
Figure 3-10 – Disaggregated sample ready for grading test (BH-NY23 19.3-19.43m) 
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Figure 3-11 – Close-up of disaggregated sample. Note sand sized particles of clay (BH-NY23 19.3-19.43m) 
 Jar Slake Test 3.7.3
As identified during the literature review, hyaloclastite can be classified as a weak rock. By definition, 
a weak rock falls somewhere between hard rocks and hard soils (Johnston, 1991). One of the 
frequently stated hazards to engineering projects posed by weak rocks is their potential to slake or 
swell upon exposure to water or repeated wetting and drying cycles. To determine if this was a 
characteristic of the hyaloclastite material identified in Melbourne a series of slake tests were 
completed on samples of the rock. Slake testing in the form of jar slake tests and weatherability index 
(WAI) tests were completed. No previous record of slake testing undertaken on any hyaloclastite 
rocks globally was identified during the literature review. 
The jar slake test was undertaken by cutting off a piece of core using an angle grinder. Each fragment 
had a mass of approximately 30-50g. The samples were oven dried at 110ºC for 24 hours, allowed to 
cool and then immersed in distilled water as per the methodology proposed by Santi (1998). The 
appearance of the sample was then observed at intervals of 30 seconds, 30 minutes with a final 
observation at 24 hours after immersion. The visual assessment of the state of slaking is then 
compared with a description of different effects of slaking and assigned a Jar Slake value.  
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 Weatherability Index Testing 3.7.4
Weatherability index testing was also completed to provide some comparison to the jar slake tests 
results. The weatherability index test is completed as per the methodology in Unrug (1997). It is a 
practical index test involving three cycles of immersion of rock core samples in water for one hour 
followed by air drying for 6 hours. From these cycles a “Weatherability Index - WAI” is calculated 
by: 
= × 100 
Where:  WAI=Weatherability Index, % 
 Wini=Initial weight of samples, grams 
 Wrem=Weight of largest remaining fragment of a sample, grams. 
A total of seven core samples of hyaloclastite with a mass of between 0.318 and 0.916 kg underwent 
Weatherability Index testing.  
 Particle Size Distribution 3.7.5
Due to the desire to determine what the constituent parts of a hyaloclastite rock are, two methods of 
particle size distribution assessment were used. The first method utilised photograph 
segmentation/image analysis of images captured of core samples. Image analysis was then completed 
to determine the size of particles present. The second method involved disaggregation of the rock 
mass by a process of freeze thawing and gentle mechanical action. The resultant material from this 
disaggregation was then subjected to standard particle size analysis using a set of sieves and also by 
hydrometer methods on selected samples.  
A method of utilising photographic analysis to estimate the percentage volume content of matrix to 
clasts was trialled. This method was also utilised in an attempt to develop a particle size distribution 
of the rock mass at either outcrop scale or sample scale without the need for disaggregation. Using 
image analysis software ImageJ (a public domain program developed by the National Institutes of 
Health and primarily developed for medical purposes) (Image J) image segmentation was undertaken 
to separate matrix constituents from the clasts. Using a scale incorporated into the images, particle 
sizes can be determined and a particle size distribution displayed.  
To enable this method to be utilised on samples of core, a low-cost and practical method was 
developed to allow the core to be scanned, producing an unwrapped image of the chosen core sample. 
This method involved the use of a turntable with the core mounted axially and an iPhone with 
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panoramic photo mode selected. As the turntable was rotated at a constant speed the iPhone camera 
pieced the moving images together to produce an image. The experimental set-up is shown in Figure 
3-12 and Figure 3-13. An example of the panoramic unwrapped core photograph is shown in Figure 
3-14 with the cropped image shown in Figure 3-15 
 
Figure 3-12 – Experimental setup to produce unwrapped core photographs 
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Figure 3-13 – Core on turntable ready to be photographed 
 
 
Figure 3-14 – Panoramic “unwrapped core” core photograph 
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Figure 3-15 – Cropped core photograph 
The photo analysis process assumed that the law of stereology is true i.e. that the volumetric content 
will be equal to the areal content. The cropped core photograph was imported into ImageJ and a scale 
set so all measurements in the software would be to millimetres instead of pixels. The colour 
threshold was then adjusted using the YUV colour space to highlight the clast particles, whilst 
avoiding inclusion of voids within the rock (Figure 3-16). Analysis of the highlighted particles could 
then be undertaken by determining the total area of clasts and matrix in mm2 allowing the ratio of 
matrix and clasts to be calculated as the total area of the image was also known.  
 




Figure 3-16 – Highlighted clasts in image and outlines of identified clasts 
Particle size analysis could then be completed with the software automatically fitting ellipses (Figure 
3-17) to the particles to determine maximum and minimum dimensions of the individual particles. 
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Using this data, a histogram was created using standard sieve sizes as “bin ranges” (Figure 4-78). The 
material making up the matrix was assumed to be “fines” or equivalent to 0.075 mm in size or less. 
This theoretically allowed the fines content i.e. percentage of material passing the 0.075mm sieve to 
be set to the total percent of matrix making up the rock.  
A “percent passing” grading chart was then also developed for the images where analysis was 
completed. These gradings were all plotted on the same chart to enable comparisons of all the 
samples. 
 
Figure 3-17 – Ellipses fitting to clasts 
 X-Ray Diffraction Testing 3.7.6
X-Ray diffraction testing was completed on a total of eight samples 
Samples were prepared by crushing using a percussion mill and subsequently ground using an agate 
mortar and pestle. The powders were then passed through a 150- m sieve. 
Data was collected using an inXitu Terra X-ray diffractometer (a portable diffractometer) in the 
School of Earth, Atmosphere and Environment, Monash University. This instrument uses a 30 kV, 10 
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W Co X-ray tube. All data were collected over a 2  range of 5–55° with a resolution of 0.25° FWHM. 
Data acquisition consisted of 50 exposures, taking approximately 10 minutes per sample. 
Qualitative phase analysis was performed using the software program DIFFRAC.EVA v.2 which is 
available from Bruker AXS. Standard reference patterns were used to identify constituent minerals 
within the samples with reference to the Crystallography Open Database. 
 
3.8 Synthesis 
 To advance the understanding of hyaloclastite in Melbourne various data was used, including 
the results of two geotechnical investigations completed by GHD, mapping of outcrops and 
historical data obtained from the MMBW archives.   
 Approximately 23.5 km of reconnaissance mapping was completed looking for outcrops of 
hyaloclastite or associated rocks along Merri Creek, Darebin Creek, the Yarra River and the 
Maribyrnong River. 
 An outcrop of hyaloclastite and pillow basalt was identified along Darebin Creek and an 
outcrop of pillow basalt was identified beneath the Monash Freeway bridge along the banks 
of the Yarra River. 
 As part of the investigations a suite of standard geotechnical laboratory testing was completed 
 Using the testing data a “K-value”, to calculate estimated UCS strength from point load test 
Is50 values, was estimated as being 10.4. 
 Less standard testing included jar slake and weatherability index testing to allow an indication 
of the swelling behaviour of hyaloclastite. 
 Once testing was completed some samples were disaggregated using five freeze-thaw cycles 
 Particle size analysis was then completed on disaggregated samples by standard laboratory 
methods (mechanical sieving and hydrometer testing) and also by image analysis methods 
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 X-Ray Diffraction was completed on the fines component of eight samples to determine the 
clay mineralogy present. 
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 Results and Data Analysis 4.
4.1 Introduction 
A large amount of data was collected during the course of the geotechnical investigations and 
mapping, including information recorded during the site investigation as well as laboratory testing 
results from a large range of completed testing. This section details the results and provides some 
interpretation of the results.  
During the assessment of the data obtained from the geotechnical investigations and outcrop mapping, 
it became clear that the hyaloclastites could not be studied as one rock and that for each location 
particular domains or facies of different rock material could be identified which all originated from 
the same hydrovolcanic quench processes. It was decided that to allow an accurate representation of 
the rock mass a hyaloclastite domain/facies, a hyaloclastite with pillow basalt facies and a pillow 
basalt domain/facies would be determined. The exact percentage of pillow basalts which transform a 
“hyaloclastite” into a “hyaloclastite with pillows” and then from “hyaloclastite with pillows” to 
“pillow basalts” is discussed in this chapter and chapter 5 but has generally been assumed to be 30% 
and 75% pillow basalt content based upon information in the literature. 
4.2 Historical Borehole Logs 
The information obtained from GHD’s archives shows the long section and as-built details of the 
North Yarra Main Sewer. This sewer was constructed in 1910 by hand mined tunnelling methods. 
Figure 4-1 shows an excerpt of the drawing which shows information along the tunnel alignment 
recorded during construction as well as from shafts and borehole drilling. The language is antiquated, 
however the pattern graphic shown along the tunnel is very reminiscent of pillow basalts in a matrix 
of hyaloclastite. This section of tunnel traverses an area of Alphington where hyaloclastites and pillow 
basalts have since been encountered and is discussed in more detail in Section 3.4. 
Of particular importance is the description on the drawing describing the rock as “salamander with 
hard bands”. This description may indicate the presence of hyaloclastite and pillow lavas, if identified 
on historical borehole logs obtained from likely areas of hyaloclastite formation such as towards the 
base of flows or in known palaeovalleys systems. Also of particular note in the right of the image is 
what is described as “clay” overlying “rotten rock and clay” overlying “hard honeycomb rock” 
(interpreted to be vesicular basalt), overlying “extra hard rock” (interpreted to mean the very high 
strength subaerial fresh to slightly weathered basalts) over “honeycomb rubble” and “salamander with 
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hard bands”. This stratigraphy is thought to represent the typical hyaloclastite deposit with subaerial 
basalt present above the passage zone (indicated). 
 
 
Figure 4-1 – Historical drawing of section of North Yarra Main sewer in Alphington  - (Melbourne Metropolitan 
Board of Works, 1910) 
Historical borehole logs were obtained from an investigation along Darebin Creek which is adjacent 
to the identified outcrop location of hyaloclastites as discussed in Section 3.6. These borehole logs 
date from 1929 and record a series of five boreholes drilled along the bank of the creek to depths of 
between 3.9 and 5.5m below surface level. These boreholes were drilled prior to the construction of a 
sewer. The borehole logs again use simple descriptive “non-geological” terminology. Most of what is 
assumed to be hyaloclastite is described as “broken rock and clay”, “bluestone boulders”, “broken and 
rotten rock” and “small boulders and rotten rock”. Whilst the information which can be gleaned from 
these logs is limited, it can be at least determined that the hyaloclastite outcropping along Darebin 
Creek is expected to extend at least 4 m or so beneath the creek bed. The language used and its 
similarity with descriptors used when weathered basalt was logged indicates that these historical logs 
cannot be relied upon to identify the rock type present. An excerpt of three borehole logs drilled along 
Darebin Creek immediately to the south of Livingston Street is presented in Figure 4-2. The depth in 
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Figure 4-2 – Excerpt from 1929 sewer investigation borehole logs from Darebin Creek (Melbourne 
Metropolitan Board of Works, 1910)  
Copies of the historical borehole logs and a plan showing the location of these boreholes is presented 
in Appendix A. 
4.3 Geological Findings 
 Footscray 4.3.1
Three boreholes were drilled to depths of 27.5m, 27.8m, and 27.1m. All of these depths were 
measured relative to ground level at the borehole location. The reduced level of the borehole 
termination depths was between -14.7 and -18.55 mAHD (metres above Australian Height Datum). 
Copies of the borehole logs are presented in Appendix C. 
The geology encountered during the geotechnical investigation can be broadly categorised into three 
domains or facies: 
 An upper layer of basalt interpreted to represent a subaerial lava flow, 
 A lower layer of hyaloclastite rock with variable amounts of pillow basalt interpreted to have 
been formed when lava flowed into a marine environment, 
 A layer of clayey quartzose sands and sandy clay interpreted to be a marine or fluvial 
sedimentary deposit. 
The division of the borehole core into domains is shown on core photographs presented in Appendix 
D. 
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The upper layer of slightly weathered, very high strength basalt was encountered to between depths of 
6.7 m and 8.25 m below ground level in the two opposite ends of the site and at a depth of 7.6 m 
below ground level in the mid-section of the site. These depths equate to a reduced level of 5.3 m, 4.6 
m and -0.45 m above AHD. Varying quantities of vesicles within the basalt, possibly indicating the 
top and bottom of lava flows combined with the possible relict topsoils or palaeosoils, identified 
within the core appear to indicate the presence of more than one subaerial lava flow event across the 
site. As part of this study the core photographs were manipulated so that the downhole depths were at 
the correct reduced level. This was undertaken to determine if there were any patterns of vesicularity 
or palaeosoils which could be traced between boreholes. Unfortunately no readily discernible pattern 
could be determined, with no correlation between vesicular and non-vesicular units being possible. 
The initial hope was that flow tops, centres and bottoms could be identified where the flow tops and 
bases are indicated by more frequent vesicles whilst the central portion has very few vesicles present. 
In addition, no palaeosoils extending across all the boreholes could be identified, possibly due to the 
limited number of boreholes on the site and/or localised flow lobes across the site which coalesce to 
form a complicated pattern of flows as opposed to laterally extensive sheet flows. An example of the 
“corrected depth” core photographs is presented in Figure 4-3. 
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Figure 4-3 – Depth corrected core photograph 
Figure 4-4, Figure 4-5 and Figure 4-6 shows the core samples from all the three boreholes identified 
to be part of the subaerial flow sequence. 
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Figure 4-4 - BH-LM01 subaerial basalt flows 
 
Figure 4-5 - BH-LM02 subaerial basalt flows 
 
Figure 4-6 - BH-LM03 subaerial basalt flows 
This geology (high strength, slightly weathered grey fine grained basalt) is typical of the rock 
encountered in much of the Newer Volcanics Group basalt in the western and northern area of 
Melbourne.  
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The underlying hyaloclastite rock consists of a highly variable mixture of dark grey, high to very high 
strength, slightly weathered basalt clasts in an orange and pale pink very fine grained, hard clay 
matrix. The clay is hard and brittle and more akin to a mudstone. The overall appearance of the rock 
had similarities to the pattern on a giraffe’s skin. Some of the clay mineral matrix displays a 
conchoidal fracture pattern which is due to its brittle nature. The clay is strongly adhered to the clasts 
and it is impossible to remove any of the clasts from the matrix without first crushing the rock, and 
even then the hard clay adheres to the clasts. The clasts are angular and range in size from a fine 
gravel size through to coarse gravel sizes with also occasional cobble sized basalt clasts. What was 
initially identified as being 500mm or more thick layers of high strength basalt within the 
hyaloclastite is now thought to represent isolated basalt pillow lava structures within the rock mass. 
What was presumably a glassy “rind” around some of the basalt clasts and pillows, has now 
devitrified and appears to be part of the clay matrix. Typical examples of these features are presented 
in the following figures (Figure 4-7, Figure 4-8, Figure 4-9, Figure 4-10, Figure 4-11, Figure 4-12). 
 
 
Figure 4-7 – Core photographs - BH-LM01 
Basalt clasts 
Hyaloclastite 
Basalt pillows  
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Figure 4-8- Core photographs - BH-LM02 
 
Figure 4-9 – Core photographs - BH-LM03 
Basalt pillows  
Basalt pillows  
 
      101 
 
 
Figure 4-10 - BH-LM03 - Close up of core - 13.8mbgl 
 
Figure 4-11 - Close up of core - BH-LM03 at 16.6 mbgl 
Fine gravel size 
angular basalt 
clasts.  




rim around basalt 
clast 
Devitrified glassy 




after oven drying 
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Figure 4-12 – Close up of core - BH-LM03 at 16.6 mbgl 
The base of the hyaloclastite was found to sit on a brown to orange brown very stiff clay with traces 
of mica flakes and sand sized quartz grains present. This soil was interpreted to be part of the Tertiary 
(Late Miocene to Early Pliocene) Brighton Group formation. This unit is described by the Australian 
Stratigraphic Units Database (Geoscience Australia) as being of non-marine origin and can be 
comprised of sands, sandy clay, silt and gravel. The one inch to half mile geological map of 
Melbourne and suburbs (1959) shows the Brighton Group outcropping beneath the Newer Volcanics 
Group. An excerpt of this map is presented in Figure 4-13. 
 
Devitrified glassy 
rim around basalt 
clast 
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Figure 4-13 – Excerpt of 1959 Melbourne and suburbs geological map 1 inch to half mile scale (Geological 
Survey Victoria, 1959) 
Observations made of the core samples indicate that little disturbance in the form of intermingling of 
underlying sediments or thermal alteration (baking) of the Brighton Group sediments has occurred 
due to the emplacement of the overlying hyaloclastite. This indicates that the deposition of the 
hyaloclastite was a relatively gentle event dominated by the gravitational emplacement of the basalt 
debris in a lava delta environment as documented in the literature review. 
 Alphington 4.3.2
A total of forty-two boreholes were drilled during the three stages of investigations. Four major 
lithological units were encountered. These were (from oldest to youngest): 
 Siltstone rock with thin interbeds of sandstone assumed to be from the Silurian age 
Melbourne Formation 
 A layer of alluvium consisting of sandy and silty clays, clayey sands and silty sand with 
varying gravel content, of possible Pliocene/Pleistocene age. This unit is not shown on the 
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 A brecciated unit with a matrix of orange brown clay matrix, identified as hyaloclastite, was 
also encountered along with fracturing associated with pillow basalts. 
 A layer of subaerial basalt assumed to be from the Pleistocene age Newer Volcanics Group. 
This unit was highly variable with differing amounts of fracturing, weathering and vesicles.  
 Quaternary to recent river sediments associated with the Yarra River. 
Copies of the borehole logs from the investigations are presented in Appendix E. It should be noted 
that in some of the borehole logs an attempt was made to classify the hyaloclastite as a weathered 
basalt. This exemplifies the difficulties encountered identifying the hyaloclastite rock types in 
Melbourne. 
Typical samples of these material types are displayed in Figure 4-14, Figure 4-15, Figure 4-16, Figure 
4-17, Figure 4-18, Figure 4-19, Figure 4-20 and Figure 4-21. 
 
Figure 4-14 – Subaerial basalt BH-NY22 
 
Figure 4-15 – Fractured basalt pillow lavas (highlighted by boxes) with clay seams (palagonite) –BH-NY23 
Vesicular basalt flow top 
Non-vesicular flow interior 
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Figure 4-16 – Hyaloclastite with occasional pillow lavas or pillow fragments – BH-NY23 
 
 
Figure 4-17 – Alluvial sediments beneath basalt showing range of soil types from sandy clay, clayey gravel and 
cobbles of sandstone – BH-NY26 
 
Figure 4-18 – Alluvial sediment lying above weathered siltstone bedrock – BH-NY16 
Hyaloclastite Pillow Pillow 
Sandy clay 
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Figure 4-19 – Close-up view of hyaloclastite - NY23 19.3-19.43 
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Figure 4-21  - Close-up view of hyaloclastite BH-NY28 – 15.24-15.34 
The basement Silurian rock was identified in eight boreholes from surface and to a depth of greater 
than 30m below existing surface level. The bedrock surface exposures display advanced weathering 
and bedding plane defects within the rock mass generally dip at a high angle (approximately 50º-70º). 
The siltstone ranges from slightly to extremely weathered and low to medium intact strength. Thin 
section petrological analysis of the rock shows it to have a moderate quartz content (<20% equivalent 
quartz mineral content) and to be predominantly comprised of siltstone and silty mudstone layering. 
The soil occurring beneath the basalt flow is interpreted as being river bed or lake alluvium which is 
associated with the buried water-course as indicated on the 1959 geological map of the area (Figure 
3-6). Sediments were generally found to consist of sandy and silty clays, clayey silts and silty sands 
with variable gravel content. Alluvial sequences beneath the basalt were proven to depths of up to 
36.6m below ground level (approximately -11.6 m RL AHD). At this depth the base of the unit was 
not penetrated by the borehole. The maximum thickness of alluvial sediments encountered during 
drilling was approximately 12.5m. The sediments have been deposited on the siltstone bedrock. 
The rocks of the Newer Volcanics Province within the project area are highly variable, with an upper 
higher quality zone but also with zones of highly fractured basalt interspersed with thin clay seams. 
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basalts. This broad sequence of upper (subaerial) flows, hyaloclastite and lower pillow lava units fits 
well with some of the reviewed literature cases. The rock products of the Newer Volcanics Province 
vary significantly with respect to weathering, strength, vesicularity, rock type and fracturing. To allow 
development of the geological model, the highly complex geology of the Newer Volcanics Group in 
this area has been subdivided into three main domains in the project area. These are: 
 Domain A1: Subaerial basalt flows (as shown in Figure 4-14) 
 Domain A2: Pillow lavas (Fractured basalt with hyaloclastite seams) (as shown in Figure 
4-15) 
 Domain A3: Hyaloclastite with varying volumes of pillow basalts (as shown in Figure 4-16) 
The basalt (Domain A1) is encountered at shallow depths beneath the surface and is very thick in the 
central and eastern part of the project area where an elevated plateau has been formed. In this area the 
top of the basalt rock was encountered as little as 2m to 5m below ground level. Natural soils 
overlying the basalt comprise residual high plasticity grey to brown clays, which frequently contain 
cobble and boulder sized corestones of highly to slightly weathered basalt.  
Soil layers were also occasionally encountered within the basalt sequence which may represent 
palaeosoil layers which have only developed in areas where there has been sufficient time between 
flows for soil to develop. Generally it appears that the subaerial basalt layer is composed of a number 
of individual lava flow events overlying each other as lobes. The boundary between flows can 
sometimes be identified in the cored investigation boreholes. However, the individual lava flows are 
not uniform in thickness and lateral extent and this has resulted in highly complex changes in the 
subsurface basalt layering. The vesicularity of the basalt was highly variable as well ranging from 
highly vesicular with large vesicles through to massive, non-vesicular basalt.  
The fractured rock of Domain A2 consists of strong but highly fractured basaltic rock with frequent 
seams of hard orange-brown to pale yellowish-brown rock comprised of clay minerals. The seams are 
randomly spaced and of varying thickness. This rock has been interpreted to represent pillow lavas 
with the fractured basalt rock representing the pillows themselves and the clay representing the 
palagonite formed when the glassy rinds of the pillows devitrifies. Some seams or lenses of 
hyaloclastite occur throughout the pillow basalt deposits. 
The hyaloclastite of Domain A3 consists of high strength dark grey, angular, fine gravel to cobble 
sized clasts of basalt in a pale yellow-brown to orange-brown low strength clayey mineral matrix. 
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This rock type occurs only at lower depths in the Newer Volcanics Group profile at the site. This 
hyaloclastite unit coincides with the proposed tunnel horizon towards the western and central sections 
of the alignment.  
The depth to the base of the Newer Volcanics Group along the alignment was variable with the 
maximum proven depth being 28.25m below surface level. 
The domains identified and modelled are marked on core photographs and presented in Appendix F. 
Drilling results indicate that the basalt contains occasional small voids most probably associated with 
lava quenching and degassing (e.g. spiracle features) or possibly due to the incomplete filling of voids 
in the hyaloclastite and pillow lava domains. Some voids are inferred to be in the order of 0.5m in size 
by the measurement of drilling rods “dropping” through voids during drilling. These features are 
expected to occur within the lower part of the basalt and are expected to be random in both size and 
location. 
The voids identified during the drilling process as well as significant zones of core loss and highly 
fractured rock were identified as anomalous and a risk to the project if these zones were not inspected 
further. To reduce the uncertainty of not understanding what these zones may mean to the project 
some limited optical televiewer (OTV) assessments were undertaken. One particular borehole of 
interest was borehole BH-NY26 where significant fractured zones and core loss had been 
encountered. As can be seen in Figure 4-22 a large core loss zone was encountered between 20.35-
21.6m below surface. The rock beneath this depth is extremely fractured and it was hoped that the 
OTV survey would shed some light on the causes of these features. Figure 4-23 shows that there are 
no potential voids between the depths 20.35 and 21.6m. Although the rock mass appears to be highly 
fractured and almost in a granular state with abundant presumed erosion and pitting of the borehole 
walls by the recirculating drilling fluid, there appears to be no major difference between the material 
cored and recovered above and below the core loss zone. It is consequently believed  to be 
hyaloclastite. The reason for core loss may therefore be attributed to potentially poor drilling practices 
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where material was ground and/or washed away.
 
Figure 4-22 – Zones of intense fracturing and high core loss – BH-NY26 
 
 
Figure 4-23 – Optical Televiewer Image – BH-NY26 
Zone of drilling core loss 
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 Numerous Locations - Subaerial Basalt Outcrops 4.3.3
A spectacular columnar basalt outcrop was observed at the Organ Pipes National Park location 
(Figure 4-24). This outcrop indicates that the lava pooled in this location as it filled in the 
palaeovalleys. The contact between the side of the palaeovalleys, comprised of siltstone, and the 
basalt was also observed (Figure 4-25). However, no evidence of lava interacting with water was 
observed at this location.  
 
Figure 4-24 – Columnar basalt – Organ Pipes National Park 
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Figure 4-25 – Contact between overlying basalt and siltstone bedrock – Organ Pipes National Park 
Less well developed columnar basalt with a hackly and rubbly upper surface (Figure 4-26) as well as 
a contact between the basalt and siltstone bedrock (Figure 4-27) was identified along the Merri Creek 
traverse. This contact was again observed to show no signs of the interaction between the lava and 
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Figure 4-27 – Contact between overlying basalt and Silurian siltstone – Merri Creek 
 Darebin Creek (North of Livingstone Street) 4.3.4
The outcrop in Darebin Creek is located in the east bank of the creek where the creek flows around a 
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Figure 4-28 – Hyaloclastite outcrop locations – Darebin Creek (Google) 
The main exposure of rock is a cliff that has been naturally cut, has a repose angle of approximately 
60º and is approximately 15m in height. The upper portion of the cliff shows rubbly intact subaerial 
basalt flows whilst the lower portion of the cliff is an orange brown low strength rock with gravel 
sized fragments of basalt identified as being hyaloclastite. This boundary between the two types of 
rock is thought to represent the “passage zone”. 
The upper zone of subaerial basalt rock is highly fractured and becomes less fractured as the distance 
from the passage zone increases. Figure 4-29 and Figure 4-30 shows the geological features of the 
zone. The orange material is thought to be hyaloclastite. Some steeply inclined pillow basalts are 













(Darebin 1 and 
Darebin 2) 
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Figure 4-30 – Passage zone Darebin Creek 
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Figure 4-32- Passage zone  - subaerial basalt above, hyaloclastite with pillow lavas below. Possible increased 
vegetation along passage zone due to groundwater seepage along top of hyaloclastite 
 Darebin Creek (South of Livingstone Street) 4.3.5
Approximately 130 m downstream from the location north of Livingstone Street (Figure 4-28) is 
another outcrop of hyaloclastite. The weak rock appears to be massive with the appearance of rounded 
fractured blocks of basalt and elongated tongues of basalt dipping at approximately 45º in a southerly 
direction (apparent dip). These basalt features appear to be pillow lava structures supported in a 
matrix of hyaloclastite. The basalt pillow structures are radially fractured and also have a chilled zone. 
The glassy rind of the pillow basalt has altered to palagonite. Samples of hyaloclastite for further 
testing were excavated with a geological pick at two locations as shown in Figure 4-28. The excavated 
samples were noted for their almost granular texture and moderate porosity. Water could be heard 
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Figure 4-33 Close-up view of freshly excavated hyaloclastite from Darebin Creek outcrop 2 
The outcrop is relatively continuous and is approximately 150 m in length, extending beneath the 
creek and is exposed in both Creek Banks. The hyaloclastite rock is also encountered beneath the 
Darebin Road/Livingstone Street Bridge and is expected to form the founding strata of this structure. 
At the bridge crossing location the outcrop is approximately 10 m in height of which approximately 
half the exposure appears as a mixture of hyaloclastite and pillow lavas. Key features of this outcrop 
are presented in Figure 4-34, Figure 4-35, Figure 4-36, Figure 4-37, Figure 4-38, Figure 4-39, Figure 
4-40 and Figure 4-41. This outcrop is thought to be analogous to the pillow-palagonite complex as 
described in the Columbia River basalts in Washington, USA. For comparison, a photograph of the 
outcrop in Washington is presented in Figure 4-42. 
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Figure 4-34 – Features of pillow basalt 
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Figure 4-37 – Natural slope of hyaloclastite and pillow basalts. Note small pile of debris at toes of slope 
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Subaerial basalt Passage zone 
Inferred direction of lava flow 
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Figure 4-40 - Hyaloclastite and pillow lavas, passage zone and subaerial basalt (without annotations) looking east 
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Figure 4-41 – Panoramic photograph of exposure south of Livingstone Street bridge. Looking east. 
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Figure 4-42 – Pillow basalts in a hyaloclastite matrix for comparison – Vantage, Washington, USA. (Foster, 
2012) 
 Richmond 4.3.6
Further evidence of basalt lava flows interacting with water were identified during the reconnaissance 
mapping in Richmond. This location had been suggested as a site of interest by Dr Martin Norvick of 
The University of Melbourne. The location identified is situated adjacent to the modern day course of 
the Yarra River and beneath an elevated section of the Monash Freeway. At this location an 
approximately 12m long, 5 m wide and 4 m high exposure of what initially appears to be basalt was 
located. On closer inspection it was observed that the rock mass was comprised of a series of semi-
rounded basalt boulders interlocked with each other, typical of the “pinched-bottoms” of pillow lavas. 
A layer of red clay was found within the pillow lava pile and is thought to be possibly a concentration 
of spalled basaltic glass which has weathered to palagonite or a thin layer of alluvial soil deposited 
between the formation of pillow basalt. Samples were taken of both the interstitial red clay layer as 
well as the white or pale grey layers for further testing. The pale grey soil appears to contain 
carbonate after a slight reaction with dilute hydrochloric acid was observed when dropped on 
excavated material. The main features of this outcrop are presented in Figure 4-43 and Figure 4-44. 
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Figure 4-44 – Pillow structures in basalt showing interstitial seams 
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The appearance of this rock compares well with pillow lavas documented in Wales by Jones (1968). 
Figure 4-45 shows an oblique planar section in pillow lava of the outcrop in Wales.  
 
Figure 4-45 – Pillow basalt in Wales for comparison with pillow basalt found in Richmond, Victoria.(Jones, 
1968) 
4.4 Geological Models 
 Footscray 4.4.1
The sites geological history from oldest event to youngest event can be summarised as follows: 
 Deposition of sandy clays in a non-marine near coastal environment during the 
Neogene/Tertiary, 
 Sea transgression drowns palaeovalley system 
 Lava flow, presumably from the north of Melbourne, flows down valleys into the flooded 
marine environment in the Pliocene. 
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 Advancing lava flows form a prograding lava delta comprised of hyaloclastite and pillow 
lavas (pillow-palagonite complex) across the site 
 Subaerial lava deposit from same source flows over the top of the hyaloclastites and pillow 
lavas. The boundary represents the passage zone. 
A geological section created through the site indicates that the passage zone may be at two different 
levels. The level of the passage zone is between 5.3 and 4.6 m AHD towards the west of the site and -
0.45 m AHD towards the west. A historical borehole drilled by VicRoads on the road adjacent to the 
site indicates that the passage zone is at RL (reduced level) -2.55m AHD. The difference in elevations 
may reflect changes in the tide from low tide to high tide. However this indicates a tidal range of 
between 5.05 and 7.85m which is significantly different to the present day tidal range of 
approximately 0.7m at nearby Williamstown. It is unclear why this discrepancy exists. One 
explanation may be the slumping of some portions of lava deltas as seen in recent times in Hawaii. 
Based on the elevation of the underlying sediments, which is thought to represent the floor of a 
flooded valley, and the elevation of the passage zone it is estimated that the water depth through 
which the lava delta formed was between 15.5 and 17.6m.  
It is thought that these deposits of hyaloclastite have collected in the base of the ancestral 
Maribyrnong River palaeovalley which runs parallel to the modern Maribyrnong River as discussed in 
Section 2.2.2. The course of the palaeovalley from Maidstone (where it is intercepted by the North 
Western Sewer tunnel) up to and beyond Footscray was suggested by Holdgate (2004) and was 
determined from aerial magnetic data. 
A simplified cross section through the site is presented in Figure 4-46. 
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Figure 4-46 – Simplified geological cross section through Footscray site 
There seems to be an increase in the number of pillow lavas towards the base of the delta deposit 
which is potentially due to the collection of pillows at the toe of the delta as a result of gravitational 
failure of the front on which the pillows are deposited. This process is presented in Figure 4-47. The 
increase presence of pillows is thought to be due to an increase in flow rate of lava at the front of the 
delta.  
 
Figure 4-47 – Pillow lava accumulation at toe of lava delta 
The exact lateral extents of this lava delta are unknown, however anecdotal information from other 
projects in the area indicates the presence of hyaloclastite between at 300 and 500m from this 
geotechnical investigation site. The scale of this delta would be consistent with the size of deposits 
elsewhere as detailed in the literature review. 
Passage zone 
(possibly at high tide) 
Passage zone 
(possibly at low tide) 
Domain F1 
Domain F2 and 
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 Alphington 4.4.2
Each borehole in the project area was classified as per the three domains listed in Section 4.2. This 
classification process was undertaken using the borehole logs and the core photographs. Core 
photographs marked with the identified domains are presented in Appendix F. 
During the classification process it was discovered that generally the hyaloclastites were found lying 
directly on the alluvium. The pillow basalts were found to lie above the hyaloclastite and the basalt 
representing the subaerial lava flow was sitting above the hyaloclastite. Some additional basalt units 
were found beneath the pillow basalt and hyaloclastites. These basalts were similar in texture 
(relatively massive, no sign of quenching) to the subaerial basalts encountered towards the top of the 
profile and are thought to be remnants of earlier lava flows predating the hyaloclastites and pillow 
basalts. Further research uncovered that it is thought that the Yarra River became dammed by a lava 
flow which flowed down Darebin Creek and into the main valley of the Yarra. The subaerial flows 
beneath the hyaloclastite and pillow lavas are therefore considered to represent remnants of flow lobes 
that combined to form a dam across the valley of the Yarra. It is hypothesised that river water backed 
up behind the dam for several kilometres as shown in Figure 4-48, forming a lake (Hills & Hills, 
1964.). It is thought that the hyaloclastites and pillow lavas were formed by subsequent flows entering 
this lake, which at its deepest would have been approximately 15m deep based upon the thickness of 
hyaloclastites and pillow lavas and the elevation of the passage zone. 
  
 




Figure 4-48 – Damming of Yarra River (Gleadow) 
To further understand the complicated geological history and distribution of materials, the depth 
ranges of the domains present in each borehole were manipulated in a geological modelling program, 
Leapfrog Geo. This enabled the ground model to be displayed in 3D, allowing the model to be 
checked for accuracy and geological credibility. It is believed that the hyaloclastites identified and 
mapped along Darebin Creek are the equivalent of the hyaloclastites encountered downstream. The 
hyaloclastites along Darebin Creek are detailed in Sections 4.3.4 and 4.3.5. This therefore indicates 
that the dammed Yarra River caused considerable flooding along tributary valleys for distances of at 
least 2km from the present day course of the river. 
A total of seven domains and geological units were identified and input into the geological model. 
These were: 
 Upper basalt – representing the most recent subaerial flows above the passage zone (Domain 
A1) 
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 Hyaloclastite - representing the gravel to cobble sized basalt fragments in an orange brown / 
yellow-brown clay matrix of palagonite clay mineral rock. There are also some percentage 
volume of pillow lavas present within the hyaloclastite (Domain A3). 
 Middle basalt – a relatively large subaerial flow characterised by high strength basalt flows – 
thought to have contributed to damming of the Yarra River. 
 Lower basalt flows – relatively small subaerial flow lobes that are thought to have flowed 
over the floodplain of the Yarra/Darebin Creek – the oldest product of volcanism in the 
project area. 
 Alluvial and floodplain sediments associated with the prehistoric Yarra River and Darebin 
Creek 
 Siltstone bedrock 
Only the three main units discussed in this study are provided with domain designations. 
Figure 4-49, Figure 4-50 and Figure 4-51 displays examples of the typical visual characteristics of the 
volcanic units in the model. The core photographs are from borehole BH-NY23 which is located in 
the central section of the site. The classification of the other boreholes included in the model is 
presented in Appendix F. 
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Figure 4-49 - Borehole core photographs – BH-NY23 
Subaerial basalt flow (Domain A1)  
Pillow lavas (Domain A2) 
Hyaloclastite (Domain A3)  
Passage zone  
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Figure 4-50 – Borehole core photographs - BH-NY52 
Subaerial basalt flow (Domain A1) 
Pillow lavas (Domain A2) 
Hyaloclastite (Domain A3) 
Passage zone  
 
      139 
 
 
Figure 4-51 – Borehole core photographs – BH-NY22 
The geological history of the site and the relationships between each unit can be explained using the 
assistance of a series of figures showing the geological model from different chronological periods. It 
should be noted that these sections all have 5x vertical exaggeration.  
The initial unit of the model is the Silurian siltstone shown in Figure 4-52. This forms the ancient 
erosional surface over which subsequent units were deposited. The erosional surface of the unit 
appears to dip to the east although there are limited boreholes to accurately constrain this trend. 
The next unit is Plio-Pleistocene age alluvium which lies above the siltstone (Figure 4-53). There is 
relatively good control of the depth of this surface as it is intercepted in multiple boreholes. A 
Subaerial basalt flow (Domain A1) 
Pillow lavas (Domain A2) 
Hyaloclastite (Domain A3)  
Passage zone  
Alluvium  
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possible channel incised into the sediment appears to be running north-east to south-west across the 
project area. This may indicate the prehistoric course of Darebin Creek. 
A series of lava flows are then thought to have flowed over the sediments (Figure 4-54). These lava 
flows are thought to represent the first advances of lava into the area from volcanoes to the north of 
Melbourne. The initial basalt flow is generally competent with no identified palagonite or 
hyaloclastite inclusions. This indicates that although the lava flowed over alluvial sediments there was 
insufficient water in the environment to cause quenching of the basalt. The red coloured unit in Figure 
4-51 is more highly fractured which is due to its position directly on top of the sediments. More rapid 
cooling by being in contact with wet sediments is likely to have caused the fracturing. This could 
occur in a floodplain environment as hypothesised by the basalt damming event portrayed in Figure 
4-48. It is noted that although the model presented here shows three separate units, they are thought to 
represent a series of flow lobes from the same flow.  
A second lobe of a lava flow, much thicker than the first, is then thought to have flowed across the 
western section of the site in a north-south direction (Figure 4-55). Pillow lavas were identified in one 
borehole at the edge and base of the flow which indicates the presence of water in the environment. 
This water was possibly an isolated lake or river channel.  
This second lava flow is thought to have dammed the main valley (which runs in an east to west 
direction parallel to the project area) causing flooding of the valley at least to the height of the lava 
flow (Figure 4-56). Another eruption then produced a lava flow which flowed into the flooded 
environment. This lava flow, with an initially low flow rate, entered the water and created a lava delta 
of hyaloclastite. In some locations particularly in BH-NY53 the passage zone comprises subaerial 
basalts above hyaloclastite. 
Due to the maturation of the lava flow system a more rapid inflow of lava is thought to have occurred, 
enabled by the development of lava tubes. Higher volumes of hotter lava with a lower viscosity is 
thought to have instigated the more abundant development of pillow lavas which then came to 
dominate the deposits at the delta front. These pillows filled up the remaining space behind the lava 
dam (Figure 4-57). An approximation of the extent of subaerial lavas at the time of pillow lava 
formation has also been presented in the Figure 4-57. 
Once the dammed area was filled with either hyaloclastite or pillow lavas, the lava flows then spilt 
over the dam forming hyaloclastites on top of the dam (due to the presence of flood water overtopping 
the dam). Hyaloclastites deposited downstream of the lava dam may indicate that further dams were 
impounding water downstream. As can be seen from the model (Figure 4-58) the postulated level of 
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the passage zone is remarkably constant and level, indicating that the water level remained at about 
the same level during the formation of the lava delta. 
Figure 4-59 shows the geology as it is now, with the subaerial lava flow covering the pillow lavas and 
hyaloclastites. The passage zone can be seen clearly in this image of the geological model. 
The geological model clearly shows that a wedge of hyaloclastite with occasional pillow lavas was 
deposited first, presumably as part of an advancing lava delta. The hyaloclastite facies gradually 
transitions to a pillow lava dominated facies. The pillow lavas may have become more dominant due 
to a higher effusion or discharge rate delivering large quantities of hot and less viscous lava to the 
delta front as described by Yamagashi (1991). The delivery of greater volumes of hot and less viscous 
lava may have been facilitated by the formation of lava tubes as the lava flow terrain matured.  
The hypothesis, that the “middle basalt” domain in the model dammed the Yarra River, is supported 
by the fact that the top of the pillow lava and hyaloclastite delta, or what can be identified as the 
passage zone, is at an elevation approximating the top of the “middle basalt”. A thin layer of 
hyaloclastite was found on top of the middle basalt flow indicating that the lake may have been 
spilling over the basalt dam prior to this dam being covered by a later subaerial lava flow. The 
subaerial basalt flows then flowed over the passage zone displacing any surface water flows to the 
south forming a lateral stream.  
 
 





Figure 4-52 – Eroded surface of Silurian age siltstone bedrock.  
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Figure 4-53 – Alluvium sitting on bedrock 
Possible channel eroded 
into alluvial sediments 
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Figure 4-54 – Lava flows identified on top of alluvial deposits.  
More fractured base of flow 
 
      145 
 
 
Figure 4-55 – Lava flow damming valley  
Pillow lavas at base and 
edge of flow possibly 
indicating the presence 
of some water  
Lava flow damming 
across valley 
 
      146 
 
 





Lava flowing into 
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delivered to the 
delta front and 
pillow formation 
commenced  
Extent of subaerial 
lava flow at time of 
pillow lava 
production 
Possible lava tube 
supplying delta 
 
      148 
 
 
Figure 4-58 –Lava overtopping of dam  
 
Hyaloclastites 
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A final long section of the geological model along the tunnel alignment, which accounts for the 
observed basalt variability, is presented as Figure 4-60. The tunnel vertical alignment and the main 
shaft which will be used for access during construction and which will later be converted to a smaller 
sewer manhole structure are also shown. This section shows the complex geological environment 
through which the tunnel is proposed to be constructed. In this section of the tunnel approximately 
100m of pillow lavas and 300m of hyaloclastite are predicted along the tunnel alignment. This 
contrasts sharply with the initial expectation that the tunnel would be constructed through the high 
strength basalt normally associated with a subaerial flow of the Newer Volcanics Group. 
To enable geotechnical characterisation of the Newer Volcanics Group rock mass to be undertaken 
the model has been divided up into three distinct domains which are displayed in Figure 4-60. These 
are: 
 Domain A1 – Subaerial basalt 
 Domain A2 – Pillow lavas 
 Domain A3 – Hyaloclastite 
The geotechnical properties of Domains A1, A2 and A3 will be discussed in section 3.5.  
There are additional implications for tunnelling implied by this model, including the tunnel entering 
the unconsolidated alluvium beneath the basalt, risking an influx of sediment laden water into 
machines if confined aquifers are encountered. There is also the potential hazard of mixed face 
conditions, where high strength basalt will be encountered in the crown and low strength soils at the 
invert. These mixed face conditions may affect the steering of the TBM. Although these are 
considered major geohazards in their own right they are not discussed further in this thesis.  
 
 




Figure 4-60 – Geological long section along the sewer alignment. The proposed tunnel vertical alignment and shaft location is also shown. 
Proposed tunnel 
crown and invert 
Proposed shaft 
Domain A1 
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4.5 Laboratory Strength Testing 
 Footscray 4.5.1
As previously discussed when describing the development of the Footscray site geological model, 
three separate domains were identified from the geotechnical drilling. These domains were the upper 
subaerial basalt, the hyaloclastite and the pillow lava basalts. These have been designated domains F1, 
F2 and F3 respectively. 
The overlying subaerial basalt (Domain F1) logged on site was found to generally be of high to very 
high strength as a piece of core could not be broken by hand and with difficulty by hammer. The 
hyaloclastite (Domain F2) logged on site was found to be of low strength due to the rock matrix being 
easily scored by a knife, it made a dull sound when hit by a hammer and core could generally be 
broken by hand. Any sharp edges of core were also friable and easy to break. Point load index testing 
and unconfined compressive strength (UCS) testing was undertaken on samples of both the basalt and 
hyaloclastite to assess the intact strength. Testing was also undertaken on samples of basalt making up 
the pillow lavas (Domain F3). The results of the point load index testing and UCS testing are 
presented in Appendix G. Laboratory testing certificates are presented in Appendix H. 
The subaerial basalt is clearly a much stronger rock with estimated UCS values of up to 250 MPa. The 
hyaloclastite in comparison is weak, with strengths of between 0.6 and 15.9 MPa and an average 
strength of just under 7 MPa.  
 Alphington 4.5.2
Strength testing including UCS, Point Load Index and triaxial testing was completed on samples 
collected during the geotechnical drilling. Included here are the results of the testing completed on 
samples from two of the three domains identified during the development of the geological model. 
The two domains tested were A2 and A3, which represent the pillow basalt and hyaloclastite domains 
respectively. Images of the hyaloclastite samples tested are presented in Figure 4-61. The results of 
the strength testing are tabulated and presented in Appendix I. Laboratory testing certificates are 
presented in Appendix H. A median UCS strength of 6.04 MPa and a median point load Is50 of 0.25 
MPa were recorded. The median Point Load test value is estimated to represent a UCS value of 
approximately 2.5 MPa. 
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Figure 4-61 – Hyaloclastite samples tested 
 Triaxial Testing 4.5.3
Two triaxial tests, an undrained triaxial test and a Hoek cell triaxial test were completed on samples of 
hyaloclastite obtained from the geotechnical drilling at Alphington. The results of the testing are 
presented in Table 4-1 and shown in Figure 4-62 and Figure 4-63 with suggested Mohr-Coulomb 
strength envelopes. The undrained triaxial test was completed on the sample from BH-NY28 as the 
rock was too weak to insert into the Hoek testing cell. 
Table 4-1 – Triaxial testing results 
Borehole Depth Method Stage 






Hoek Cell Stage 1 2.2 0.5 
Stage 2 6.8 2 








Stage 1 1.01 0.175 
Stage 2 1.525 0.285 
Stage 3 2.142 0.637 
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Figure 4-62 – Hoek Cell Triaxial test results  - BH-NY26 – 14.75 -15.07m 
 














































Stage 1 to 2 Stage 1 to 3
Stage 2 to 3
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Table 4-2 – Triaxial Testing Interpretation 
Borehole Depth Method Stage Friction Angle (º) Cohesion (KPa) 
BH-NY26 14.75-15.07 Hoek Cell 
Stage 1 to 2 30 200 
Stage 2 to 3 50 0 
Stage 1 to 3 41 30 
BH-NY28 14.09-14.45 
Undrained 




Stage 1 to 2 40 44 
Stage 2 to 3 16 388 
Stage 1 to 3 24 224 
 
As can be seen from the testing results, the friction angle of the intact hyaloclastite varies between 16º 
and 50º and the cohesion varies between approximately 0 and 388 KPa. As principal stresses increase 
the friction angle component decreases as the cohesion component increases. At the lower principal 
stress regimes as frequently experienced in civil engineering projects, a friction angle of 40º and a 
cohesion value of 44 KPa is suggested. This friction angle fits with the apparently granular make-up 
of the clasts within the rock. The limited testing confirmed the presence of a bi-linear stress envelope 
usually associated with triaxial strength testing of rocks. 
 Strength Testing Summary 4.5.4
The mean and median results of selected testing results from both the Alphington and the Footscray 
site are presented for comparison in Table 4-3 and Table 4-4.  
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Table 4-5 summarises the UCS values across the two sites and presents mean and median UCS values 
for the hyaloclastite and pillow basalt domains at both sites. The mean value of UCS is 3.77 MPa and 
the median value is 1.37 MPa.  
The testing of the hyaloclastite rock returned a range of sample strengths from 0.38 MPa, which is of 
extremely low strength (Standards Australia, 1993) or extremely weak (British Standards Insitution, 
2003), through to 11.7 MPa which is classified as medium strength rock (Standards Australia, 1993) 
weak rock (British Standards Insitution, 2003) or low strength rock (International Society for Rock 
Mechanics, 2007b). The median strength and average strength are classified under AS1726:1993 
(Standards Australia, 1993) as Very Low and Low strength rocks respectively. The lowest value may 
be considered to have a strength more similar to soil than rock. For foundation bearing capacity 
calculation it is recommended that the 25th percentile value of 0.77 MPa is utilised. For calculation of 
excavatability or excavation rates the 75th percentile value of 4.63 MPa should be used. 
Limited strength information obtained from triaxial testing indicates that the rock exhibits a typical bi-
linear peak strength envelope with friction angle decreasing with an increase in principal stresses and 
the corresponding cohesion value of the rock increasing. A suggested friction angle for use in typical 
civil engineering projects in Melbourne would be a friction angle of 40º and cohesion of 44 KPa.  
Table 4-3 – Summary of Testing Results - Hyaloclastite 
  
Footscray Alphington 
UCS (MPa) Mean 2.26 6.04 
 
Median 1.37 6.04 
PLI Is50 (MPa) Mean 0.46 0.25 
 
Median 0.34 0.25 
Density (kg/m3) Mean 1907 1670 
 
Median 1895 1695 
Moisture Content (%) Mean 36.94 30.8 
 
Median 35.5 31.8 
Friction Angle (º) Mean 11.33* 27 
 
Median 16* 27 
Cohesion (MPa) Mean 0.88* 0.2 
 
Median 0.68* 0.2 
*Inferred from UCS testing 
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Table 4-4 – Summary of Testing Results – Pillow basalt 
  
Footscray Alphington 
UCS (MPa) Mean 81.3 16.97 
 
Median 63.8 16.97 
PLI Is50 (MPa) Mean 4.57 1.6 
 
Median 3.59 1.6 
Density (kg/m3) Mean N/A 2397 
 
Median N/A 2400 
Moisture Content (%) Mean N/A 9.6 
 
Median N/A 9.8 
Friction Angle (º) Mean N/A N/A 
 
Median N/A N/A 
Cohesion (MPa) Mean N/A N/A 
 
Median N/A N/A 
  
 
      158 
 
 
Table 4-5 – UCS data summary – Footscray and Alphington - combined 
Borehole Depth from (m) Depth to (m) Moisture content (%) UCS (MPa) 
BH-LM02 10.83 11.05 32.07 4.63 
BH-LM02 12.90 13.09 43.24 0.77 
BH-LM03 20.20 20.65 35.50 1.37 
BH-NY26 15.78 15.97 13.00 11.70 
BH-NY38 10.10 10.35 43.24 0.38 
   
Mean 3.77 
   
Median 1.37 
   
25th Percentile 0.77 
   
75th Percentile 4.63 
   
Standard deviation 4.740163 
 Correlation of Unconfined Compressive Strength 4.5.5
An approximate correlation appears to exist between saturated moisture content and unconfined 
compressive strength (UCS). The relationship appears to be approximately linear. The moisture 
content of the rock is expected to be strongly linked to the content of basalt clasts in the rock. As the 
content of basalt clasts increases, the saturated moisture content of the rock is expected to reduce. 
This would seem to indicate that as the moisture content increases, indicating a decrease in the basalt 
clast content, the UCS also decreases. The relationship between UCS and moisture content is 
displayed in Figure 4-64.  
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4.6 Rock Quality Designation and Fracture Frequency  
The RQD and fracture frequency, measured in fractures per metre of similar rock 
material,(hyaloclastite and pillow basalts) for Footscray are presented for each facies in Appendix J. 
The median and mean RQD’s and fracture frequency data for Alphington is also presented in 
Appendix J. 
A summary of mean and median values of RQD and fracture frequency are presented in Table 4-6 and 
Table 4-7. 
It is clear from this summary that the fracturing and RQD values are significantly lower for rocks 
encountered at Alphington when compared to the rocks in Footscray. The rock quality trend observed 
in Alphington, where the hyaloclastite has the lowest quality rock and the pillow basalt is the best 
quality rock, is reversed in Footscray, with the pillow lavas being more highly fractured. 
Table 4-6 – Median RQD and fracture frequency values  
Facies 
RQD (Median) Fracture Frequency (Median) 
Alphington Footscray Alphington Footscray 
Hyaloclastite 0 40 18 5 
Pillows and 
hyaloclastite 12 35 15 7 
Pillows basalt 11 20 14 6 
 
Table 4-7 – Mean RQD and fracture frequency values 
Facies 
RQD (Mean) Fracture Frequency (Mean) 
Alphington Footscray Alphington Footscray 
Hyaloclastite 2 45 20 6 
Pillows and 
hyaloclastite 19 37 20 8 
Pillows basalt 29 25 14 6 
4.7 Slake and Swelling Testing  
 Jar Slake Testing 4.7.1
In total eight jar slake tests were undertaken on samples of rock obtained from the projects located in 
Alphington and Footscray. Before and after photographs of selected tests are presented as Figure 4-65 
to Figure 4-72. The results are presented in Table 4-8. Images of all samples tested are presented in 
Appendix K. 
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Figure 4-65 – Oven dried sample ready for slake testing 
 
Figure 4-66 – Initial shot of sample BH-NY23 22.6-22.8 at start of slake test 
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Figure 4-67 - Sample BH-NY23 22.6-22.8 at 24 hours showing no tendency to slake 
 
Figure 4-68 - Initial shot of sample BH-NY25 18.25-18.4 at start of slake test 
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Figure 4-69 - Sample BH-NY25 18.25-18.4 at 24 hours showing no tendency to slake 
 
Figure 4-70 – Sample BH-LM01 21.5-21.7 prior to testing 
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Figure 4-71 - Sample BH-LM01 during slake testing. Note rapid slaking and disintegration of rock after 30 
seconds 
 
Figure 4-72 - Sample BH-LM01 after 24 hours of jar slake testing. Note rock has spalled into several chunks 
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Table 4-8 – Jar Slake testing results 
       Borehole Depth From Depth To Appearance at 30 seconds Appearance at 30 minutes Appearance after 24 hours Jar Slake value 
BH-LM01 21.5 21.7 Quick reaction. Chips and lumps fallen from side of 
samples. Sample shape barely discernible 
No change No change 3 
BH-NY23 18.58 18.78 Minor Spalling No change No change 6 
BH-LM03 16.46 16.64 Bubbles immediately. Chips of pink clay spalling slightly. 
Lump left intact 
No change No change 6 
BH-LM03 13.7 13.92 Bubbles immediately as pores fill with water. Minor 
slaking. Lump left intact. 
No change No change 6 
BH-NY23 19.3 19.43 Bubbles immediately as pores fill with water. Minor 
slaking. Lump left intact. 
No change No change 6 
BH-NY23 19.45 19.62 Bubbles immediately as pores fill with water. Minor 
slaking. Lump left intact. 
No change No change 6 
BH-NY23 22.6 22.8 Bubbles immediately as pores fill with water. Minor 
slaking. Lump left intact. 
No change No change 6 
BH-NY25 18.25 18.4 Bubbles immediately as pores fill with water. Minor 
slaking. Lump left intact. 
No change No change 6 
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Whilst most of the samples showed little if any slaking during testing, one sample (BH-LM01 21.5-
21.7) showed a significantly greater tendency to slake, with a jar slake value of 3. This increased 
tendency to slake may have been caused by the presence of Ca-montmorillonite (smectite) as 
suggested by Santi and Koncagul (1996). A different colour (pale cream) material in the palagonite 
matrix can be seen in the photographs taken prior to testing (Figure 4-70). This pale material may be 
the montmorillonite (smectite) clay. 
 Weatherability Index Testing 4.7.2
The results of the testing are presented in Table 4-9 with before and after images shown in Figure 
4-73 to Figure 4-76. 






Initial mass of 
samples (g) 
Mass of largest remaining 
fragment of a sample (g) WAI (%) 
BH-LM01 21.5 21.7 318 124 61.0 
BH-LM03 13.7 13.92 891 884 0.8 
BH-LM03 16.46 16.64 556 454 18.3 
BH-NY23 18.58 18.78 739 648 12.3 
BH-NY23 19.3 19.43 916 884 3.5 
BH-NY25 18.25 18.4 469 460 1.9 
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Figure 4-73 – Core samples prepared for WAI testing 
 
 
Figure 4-74 – Sample BH-LM01 21.5-21.7 prior to testing 
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Figure 4-75 – Sample BH-LM01 21.5-21.7 during first test cycle 
 
 
Figure 4-76 - Sample BH-LM01 21.5-21.7 after last test cycle 
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 Summary 4.7.3
As can be seen from the results, the sample which had the lowest Jar Slake value (more likely to 
slake) also had a high weatherability index of 61%. The literature indicates that rocks which have a 
weatherability index of greater than 40% have a moderate to high moisture sensitivity. In a mine 
situation (which is what the Weatherability Index test was developed for) this rock would be 
considered to be at a higher risk of roof collapse caused by material strength deterioration as a result 
of wetting and drying cycles. 
The clay material that differentiated this sample from the other samples was sampled and sent for 
XRD testing. The results of this testing are presented and discussed in section 4.10. 
ISRM Suggested Methods for Rapid Field Identification of Swelling and Slaking Rocks (International 
Society for Rock Mechanics, 2007a) suggests that a “popcorn like” reaction of a 1-2cm3 cube of rock 
indicates that the rock has swelling properties. None of the rock samples exhibited this characteristic. 
The lack of slaking behaviour and/or “popcorn like” reactions indicates that the hyaloclastite rock can 
generally also be classified as non-swelling, with some caution necessary due to the rapid 
deterioration of one sample. 
4.8 Particle Size Distribution Testing 
 Importance of Particle Size Distribution testing of Hyaloclastite Rock 4.8.1
Research work by Medley (1997; 1995; 2001, 2002, 2004, 2007, 2008; 1994) in the field of Block in 
Matrix rocks (bimrocks) suggests there is a link between strength of a rock such as a hyaloclastite and 
the ratio of matrix to clasts present within the rock. Not only does the grading (or particle size 
distribution) of the component parts have a potential effect on the geomechanical properties of the 
rock, it is also important to understand the make-up of the material during construction to allow for 
how the excavated material will perform and if it will clog machinery or equipment. 
The following sections detail the particle size distribution testing, assess the results and compare the 
collected results with international examples of hyaloclastite grading 
 Particle Size Distribution Results – Photo Analysis 4.8.2
From the image analysis the percentage of matrix to clast was able to be estimated. These results are 
presented in Figure 4-77. 
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Figure 4-77 – Ratio of matrix to clasts 
From this information it can be determined that the mean area of clasts in the sample studied was 38% 
with a corresponding matrix area of 62%. Applying the law of stereology (Delesse’s Principle) any 
unit volume of the rock mass will be made up of these percentages. 
An example of the grading chart produced by the image analysis is presented in Figure 4-80. 




































Total area of clasts (%) 41 37 31 31 31 32 27
Total area of matrix (%) 59 63 69 69 69 68 73
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Figure 4-78 – Particle size distribution for sand and gravel size particles in BH-LM03 13.7-13.92m 
Some bias was evident from the photograph being unable to determine particle sizes below a certain 
size. Images of seven other analyses are presented in Appendix L. 
When the interpreted particle size distribution obtained from the image analysis is plotted on a 
traditional grading curve chart, it can be seen that there is a distinct gap-grading evident. The gap 
grading indicated that the rock is comprised mostly of fine (less than 0.075mm) size soil particles and 
coarse sand to fine gravel (the basalt clasts). Finer sand sized basalt particle fractions are lacking in 
the sample using this technique. The image analysis method may be unable to ‘pick-out’ the sand 
sized particles as these have merged into the matrix material. The particle size distribution curves are 
presented in Figure 4-79 and indicate that if the rock was disaggregated the constituent components 
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Figure 4-79 – Grading curves from photo analysis 
The sample size also introduces bias into the assessment with the larger basalt fragments, including 
fragments of pillow lavas present within the hyaloclastite not being represented as they could not be 
included in the photographing setup. Images at outcrop (or excavation) scale may also be used for 
photo analysis to allow understanding of the percentage of pillow basalt structures in the hyaloclastite 
which may affect the rock mass behaviour. This is explored in the following sections. 
 Particle Size Distribution Results - Laboratory Testing  4.8.3
Samples obtained from disaggregation of the rock samples, as well as samples obtained from 
excavation of material from outcrops at Darebin Creek and at Richmond, were tested to determine 
particle size distributions. Samples were tested predominantly using sieving techniques in accordance 
with Australian Standard AS1289 3.6.1 (Standards Australia, 2009c). Two samples had sufficient 
fines content to allow hydrometer testing which was completed in accordance with Australian 
Standard AS 1289 3.6.3 (Standards Australia, 2003). The samples tested are presented in Table 4-10. 
Images of the disaggregated rock prior to testing are presented in Appendix M. Laboratory testing 
certificates for this testing are presented in Appendix H. 
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Table 4-10 – Laboratory Grading Test Samples 
Sample Material  Sieve Test Hydrometer Test 
BH-LM01 21.5-21.7m Disaggregated 
Rock 
Yes No 
BH-LM03 13.7-13.92m Disaggregated 
Rock 
Yes No 
BH-NY23 18.58-18.78m Disaggregated 
Rock 
Yes No 
BH-NY23 19.3-19.43m Disaggregated 
Rock 
Yes No 
BH-NY23 19.43-19.7m Disaggregated 
Rock 
Yes No 
BH-NY23 22.6-22.9m Disaggregated 
Rock 
Yes No 
BH-NY25 18.25-18.40m Disaggregated 
Rock 
Yes No 
BH-NY28 15.25-15.34m Disaggregated 
Rock 
Yes No 
Burnley 1 Interstitial red-
brown seam 
Yes Yes 
Burnley 2 Interstitial pale 
grey seam 
Yes No 
Darebin Creek 1 Excavated 
hyaloclastite rock 
Yes No 




The testing results revealed that the majority of the disaggregated rock specimens can be classified as 
a gravel with sand. The gravel sized clasts are predominantly medium gravel size (between 
approximately 6 and 11 mm in size). The sand size particles are well graded between fine and 
medium grained and upon closer examination appear angular and composed of hard and brittle 
palagonite fragments. The samples were found to have only 3% to 13% fines content (<0.075mm).  
The samples excavated from the outcrop at Darebin Creek was classified by the grading tests as being 
a silty sand with respect to AS1726:1993 (Standards Australia, 1993). The sample “Darebin Creek 2” 
also included approximately 30% medium sized gravel inclusions. “Darebin Creek 1” has 
approximately 10% fine gravel inclusions. Both samples had just less than 30% fines content which, 
with the hydrometer test completed on sample “Darebin Creek 2”, was shown to be mostly of a silt 
size fraction with approximately 5% clay size fraction. This further shows that the palagonite, 
although classed as a clay mineral, does not readily break down into clay size particles. Again the 
sand size particles in both samples appear to be comprised of sand size fragments of palagonite. 
The reddish brown sample excavated from the interstitial seam between pillow basalts at Richmond 
was found to comprise of approximately 75% fines and was classified as silt with sand based upon the 
grading test. Due to the difference in the grading results it would appear that this material is distinctly 
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different to a hyaloclastite and therefore originates from another source. This is also the same for the 
pale grey sandy clay sample also excavated from the Richmond/Burnley outcrop. 
Figure 4-80 shows the grading curves of the samples of disaggregated rock and rock excavated from 
the Darebin Creek and Richmond/Burnley outcrops. 
 
Figure 4-80 – Grading Curves – Disaggregated rock samples and samples from outcrops 
Comparison with particle size distribution/grading tests documented by Saotome and colleagues 
(2002) from Japan and Oddsson (1981) from Iceland, showed that the grading curves were of similar 
shape and fell between the grading curves of the disaggregated rock samples and the excavated 
samples from the Darebin Creek outcrop (Figure 4-80, Figure 4-81). This indicated that the rock 
samples tested from Alphington and Footscray have a slightly coarser grading of the sand and gravel 
sized fragments. However, this difference is not considered to be significant. Of particular 
significance is the common lack of fines (<0.075mm) noted between all the test results, with the 
samples from Alphington and Footscray having a fines content of less than 13% and Saotome and 
Oddsson describing fines content of less than 10%. Again, this appears to reinforce the suggestion that 
whilst the palagonite matrix is a clay mineral, it does not readily break down to clay size particles 
upon excavation. 
Interstitial seams 
in pillow basalt 
Darebin Creek 1 and 2 
Disaggregated rock 
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Figure 4-81 – Grading curves – comparison between this study (red), Saotome (2002) (blue) and Oddsson 
(1981) (green) 
 Comparison Between Particle Size Distribution Methods 4.8.4
From comparison of the grading curves developed by the two methods described (photo analysis and 
traditional sieve and hydrometer testing) it can clearly be seen that the methods produce disparate 
results. The photo analysis (orange curves) was undertaken prior to disaggregation and laboratory 
grading tests were completed on the same samples (red curves). The photo analysis method 
significantly over estimates the fines content of the rock probably in part due to the large contribution 
that sand size fragments of palagonite make to the make-up of the rock mass and the fact that porosity 
(i.e. empty void space) in the rock mass is seen as being fine grained material. Consequently the photo 
analysis method has been proven to not be a satisfactory method to estimate the particle size 
distribution of the hyaloclastite samples. The freeze-thaw disaggregation method worked very 
successfully and was simple to complete. It is therefore recommended that this method be used to 
allow an understanding of the constituent particle sizes within the hyaloclastite rocks. 
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Figure 4-82 – Grading curves – comparison of methods (photo analysis – orange, laboratory grading test- red, 
blue and green – data from the literature) 
 Outcrop Scale Image Analysis 4.8.5
Using the same methods as described in the previous sections, image analysis was completed at 
outcrop scale for a section of outcrop along Darebin Creek immediately to the south of Livingstone 
Street. The image analysis results indicated that approximately 36% of the face is comprised of basalt 
pillow lava. This is very useful for assessing the volume of pillow basalt within a rock mass. It should 
be noted however that at outcrop scale some areas of the rock face in shade or overhung by vegetation 
may have been classified as basalt. An example of the image analysis at outcrop scale is presented in 
Figure 4-83.  
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Figure 4-83 – Outcrop scale image analysis 
4.9 Plasticity Index Testing 
Samples of fines material obtained from outcrops and disaggregation of samples underwent Atterberg 
limit testing to determine the plasticity attributes of the recovered samples. The results are presented 
in Table 4-11 and presented in a traditional “A-Line” chart in Figure 4-84.  













Shrinkage (%) From To 
BH-LM01 GRAVEL with silt 21.50 21.70 69 61 9 4.0 
BH-LM03 GRAVEL with silt 13.70 13.92 
BH-NY23 silty GRAVEL 18.58 18.78 93 51 42 0 
Burnley 1 SILT with sand - - 59 33 26 12.0 
Burnley 2 sandy CLAY - - 30 15 16 6.0 
Darebin 
Creek 1 silty SAND - - 61 52 9 5.5 
Darebin 
Creek 2 silty SAND - - 58 43 15 3.0 
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Samples from boreholes in Footscray (BH-LM01 and BH-LM03) were combined as there was 
insufficient sample available to complete the testing on the single samples. 
The testing was completed in accordance with AS1289 and classification of the material was 
completed in accordance with AS1726. Laboratory testing certificates are presented in Appendix H. 
 
Figure 4-84 – Hyaloclastite Fines – Plasticity Chart 
The chart shows that the fines recovered from samples taken in the outcrops at Darebin Creek and at 
Footscray are in the MH or high plasticity silt sector of the chart with Liquid Limits of 58 to 69% and 
Plasticity indices of 9 to 15%. The sample from Alphington (BH-NY23) showed a significantly higher 
liquid limit and plasticity index but still falls into the high plasticity silt sector of the chart. The 
samples Burnley 1 and Burnley 2 are samples of interstitial seams from the pillow basalt outcrop. 
“Burnley 1” sits close the A-Line separating high plasticity silts from high plasticity clays. The 
sample “Burnley 2” shows its fines content behaves like a high low to intermediate plasticity clay. 
4.10 XRD Analysis 
Samples obtained from site and from the disaggregation of core samples underwent X-ray diffraction 
(XRD) testing at Monash University, Melbourne in order to identify what clay minerals were present 
within the matrix of the hyaloclastites. The identification of the clay mineralogy is considered 
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important to allow an informed assessment of engineering implications which may result. Problems 
such as swelling or low friction angles may affect the design of structures or methods of construction. 
A total of eight samples were tested revealing that the clay mineralogy present in the matrix of the 
hyaloclastite was predominantly of the smectite group with some illite and muscovite mica. This was 
consistent with disaggregated core samples from Footscray and Alphington as well as the samples 
excavated from outcrop at Darebin Creek. Figure 4-85 and Figure 4-86 show the results from two 
samples of hyaloclastite material. 
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Figure 4-86 – XRD results – Darebin Creek 
The samples excavated from the interstitial material between pillow basalt at the Burnley pillow 
basalt outcrop had quartz present in both samples as well as smectite, illite and muscovite. One 
sample also had a carbonate mineral present. 
The full results for all samples tested are presented in Appendix N. 
4.11 Synthesis 
 Historical data from MMBW and other more recent projects fail to consistently identify the 
rock as hyaloclastite 
 The original logging of the hyaloclastite encountered during geotechnical investigation 
classified the rock in Footscray as a breccia and in Alphington as a weathered basalt. 
 MMBW historical data describes the rock variously as “salamander with hard bands”, “rotten 
rock and clay”, “broken rock and clay” and “broken and rotten rock”.  Consequently 
identification of hyaloclastite from historical records is considered to be difficult 
 Geotechnical investigations in Footscray and Alphington encountered hyaloclastite rocks with 
varying amounts of pillow basalt present. In all cases the hyaloclastite was found beneath a 
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 Geological models, developed using the geotechnical investigation information, identified 
four main domains associated with the volcanic activity: subaerial basalt, hyaloclastite, 
hyaloclastite with pillow basalt and pillow basalt 
 Mean point load strength (Is50) values of 0.46 MPa and 0.25 MPa were determined for 
hyaloclastite at Footscray and Alphington respectively 
 Mean UCS values of 2.26 MPa and 6.04 MPa were determined for hyaloclastite at Footscray 
and Alphington respectively. A median UCS strength of 1.37 MPa was determined from all 
hyaloclastite tested. 
 A general correlation showing a decrease in UCS strength with an increase in moisture 
content was observed.  A greater moisture content may indicate more palagonite or greater 
porosity, reducing the UCS strength. 
 Low RQD values were encountered in the hyaloclastite. Mean values were 2% and 45% for 
Alphington and Footscray 
 Jar slake testing found that only one in eight samples slaked significantly, possibly due to the 
presence of swelling minerals such as smectite. This same sample was the only one out of 
seven tested which had a moderate to high moisture sensitivity. 
 A significant disparity between results of the image analysis particle size distribution 
assessment and the laboratory testing of disaggregated samples indicates that the image 
analysis method is not reliable. 
 Particle size analysis of hyaloclastite from Iceland and Japan compares well to testing results 
from Melbourne. 
 Plasticity index testing of fines in the disaggregated hyaloclastite indicate the material acts as 
high plasticity silt. 
 XRD analysis indicates that smectite and illite are both present within the rock mass. 
 XRD analysis reveals the presence of quartz in the interstitial seams in the pillow basalt 
indicating a sedimentary origin. 
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 Interpretation and Analysis 5.
5.1 Occurrence of Hyaloclastite and Pillow Lavas in the Melbourne Area 
Occurrences of hyaloclastite rock and pillow lavas in the Melbourne region are expected to primarily 
occur in palaeovalleys that were either inundated by sea water during periods of elevated sea level or 
in drowned valleys where water flow became disrupted by damming caused by prior subaerial basalt 
flows. Hyaloclastites and pillow lavas are also expected to occur where the sheet lava flows met the 
sea.  
The palaeovalley locations in Melbourne are indicated on the 1 inch to half mile scale Melbourne and 
Suburbs geological map published by the Geological Survey of Victoria (Geological Survey Victoria, 
1959). It is believed that mapping of these palaeovalleys was potentially informed by records of water 
bores drilled deep into the water aquifers. These indicated locations of the palaeovalleys on the map 
are expected to be generally correct. More recently, this mapping has been supplemented by analysis 
of aerial magnetic data in Melbourne’s west (Holdgate et al., 2004). Although there is reasonable 
confidence in the location of the palaeovalleys buried by the basalt flows, there is significant 
uncertainty regarding in which palaeovalleys hyaloclastites and pillow lavas are expected to occur. 
The only locations where hyaloclastite are known to exist at present are in those locations where the 
palaeovalleys have been intersected during civil engineering projects. However this knowledge is 
dependent upon boreholes of sufficient depth, with good enough sampling techniques to penetrate the 
overlying subaerial basalts and correct identification of hyaloclastite rocks. It cannot be stated that 
hyaloclastites occur at the base of all palaeovalleys, as in some locations such as for the proposed 
East-West Link (Linking Melbourne Authority) (an approximately 4 km long twin 15 m diameter 
tunnel beneath the inner northern suburbs of Melbourne) where hyaloclastite or pillow basalts may 
reasonably have been expected to occur at the base of the valley, no such rocks have been 
encountered. Indeed, at these locations there has been no other indication of the interaction with hot 
subaerial lava flows and standing bodies of water. Figure 5-1 and Figure 5-2 indicate the areas in 
which hyaloclastites and pillow lavas have been encountered during geotechnical investigations 
within the Melbourne area. These locations are based on information where the author has sighted 
records and core samples of the material, as well as anecdotal information provided from colleagues 
within GHD and external sources. As shown at Alphington, the extent of the hyaloclastite rock 
deposits can be significant to engineering projects. 
 











expected but not 
encountered  
Figure 5-1 – Areas where hyaloclastite and pillow basalts may be encountered – Central and Western Areas of Melbourne 
(Geological Survey Victoria, 1959) 
Possible formation of 
hyaloclastites/pillows 
along coastal fringe of 
basalt flow. 
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5.2 Intact Geotechnical Properties Comparison 
This section aims to compare the typical values obtained from the multitude of testing completed 
against the values of similar testing in hyaloclastites completed and documented elsewhere in the 
world.  
 Strength Testing 5.2.1
As the UCS and PLT results from the testing of the samples obtained during testing show, the strength 
of the hyaloclastite falls in the “very low” to “low” category as defined by the International Society 
for Rock Mechanics (2007b). Some UCS values were below 1 MPa which would characterise the 
hyaloclastite as soil according the Geological Society of London (Knill et al., 1970.). The minimum, 
maximum, median and mean values of the UCS testing for all sites in this study is presented 
graphically in Figure 5-3 which also shows values of UCS for hyaloclastite as compiled by Seisdedos 
(2012) from numerous sources in the literature. When compared to results obtained globally, the 
results obtained from testing of hyaloclastites in Melbourne show a good correlation albeit towards 
the lower end of the published strength data. Seisdedos (2012) determined a characteristic value of 8 
MPa for hyaloclastites from the Canary Islands. A more appropriate value for the Melbourne 
hyaloclastites matches the median value of approximately 1.4 MPa.  
 
Possible presence of 
hyaloclastites/pillows 
along palaeovalleys 
Figure 5-2 – Areas where hyaloclastite and pillow basalts may be encountered – 
Northern Melbourne (Geological Survey Victoria, 1959) 
Figure 5.1 below  this line 
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Figure 5-3 – UCS results comparison (modified from Seisdedos (2012)) 
No comparison of PLT results from this study could be made with results from other global 
hyaloclastite deposits as no such results have been encountered in the published literature. 
Comparison of triaxial testing results revealed a good similarity between those obtained from testing 
as part of this study and those results listed in the literature. The friction angle obtained from testing 
of two samples for this study was 24º and 41º which compare well with results obtained from the 
literature. The literature indicates friction angles of 39º-42º in Japan (Ishijima & Fujii, 1997), 43º-50º 
in Tenerife (Gonzalez de Vallejo, 2012) and 23.9º, 42.7º and 46.7º in Hawaii (Thompson et al., 2008). 
Values of cohesion from the literature are not as consistent with those obtained for testing however. 
Cohesion values of between 3 and 5 MPa (Tenerife) and 21.3, 14.4 and 6.8 MPa (Hawaii) were 
recorded. These cohesion values are a lot higher than those recorded from testing of Melbourne 
hyaloclastite (0.2 and 0.22 MPa). This could be due to a greater degree of or more advanced stage of 
palagonitisation with greater adherence of the particles. Testing of Japanese hyaloclastites produced 
lower cohesion values (0.4 and 0.97 MPa) more akin to Melbourne hyaloclastites. 
 Unit Weight 5.2.2
Density or unit weight testing of the samples of hyaloclastite provided by far the most variable and 
inconsistent results of all testing completed. Density varied between 10.8 kN/m3 and 20.8 kN/m3 with 
a mean and median value of 17.0 kN/m3 and 16.9kN/m3. The range of unit weight values is presented 
in Figure 5-4. The unit weight measured is lower than that recorded in other studies with the 
maximum results obtained from this study not even reaching the lowest extreme value obtained by 
Seisdedos (2012) from the literature. This may be as a result of a lower grade of palagonitisation 
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Figure 5-4 – Unit weight comparison – this study (red) and literature (modified from Seisdedos (2012)). 
 Particle Size Distribution 5.2.3
As previously discussed, the process of disaggregation of hyaloclastite samples allowed for the 
particle size of the constituent parts of the rock to be determined. When compared with other results 
from Japan (Saotome et al., 2002) and Iceland (Oddsson, 1981) it can be seen (Figure 5-5) that there 
is reasonable correlation of the percentage fines in each of the different samples (generally about 5-
15% <0.075mm), however the Icelandic samples had a large medium to coarse sand size component 
when compared with the Japanese and Melbourne samples which both have considerable fine to 
medium grained gravel fraction content. Generally the Melbourne samples had a more coarse 
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Figure 5-5 – Grading curves – comparison between this study (red), Saotome (2002) (blue) and Oddsson (1981) 
(green) 
 XRD Testing 5.2.4
XRD testing results of hyaloclastite material sourced from outcrop and from disaggregated core 
samples all consistently indicated the presence of smectite (identified as montmorillonite by the 
testing staff), illite and muscovite. Muscovite may be present as either a mineral present in the 
environment of deposition or has been misidentified and is actually illite. The presence of smectite is 
consistent with the mineralogy expected based upon the literature. It remains unclear why so little 
slaking was evident upon slake testing when a mineral known for its shrink-swell characteristics is 
present within the rock mass. Illite may be present due to weathering of the feldspar present within the 
basalt clasts in the hyaloclastite or transformation of the smectite into illite. 
XRD testing of the interstitial material excavated from between pillow basalt at Burnley revealed the 
presence of quartz which may indicate that this material was deposited in a period of relative eruptive 
quiescence between depositions of the pillow basalt and was draped over earlier pillows and 
subsequently covered by later pillow basalt. Carbonate minerals were identified in one sample. These 
minerals may have leached out of the rock as it has weathered, as is common in basalt found in 
Melbourne, or may have been deposited in a marine environment. 
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 Slake Durability 5.2.5
Only one mention of the slake durability could be found in the literature (Ishijima & Fujii, 1997) 
where hyaloclastite from Japan was tested. The results from testing indicated that the hyaloclastite 
was non-slaking but susceptible to freeze-thaw degradation. This was also found to generally be the 
case with samples from Melbourne tested in this study. 
 Plasticity Index Testing of Fines 5.2.6
No literature could be found discussing plasticity index testing of fines recovered from a hyaloclastite 
rock. The classification of high plasticity silt is surprising considering that smectite has been 
identified by XRD testing. It is assumed that the silt size particle are actually aggregated clay mineral 
as observed with the sand sized clay particles identified during disaggregation and particle size 
distribution testing. 
5.3 Stage of Palagonitisation 
Although there are numerous uncertainties due to a lack of petrographic and mineralogical data it is 
believed that due to the presence of smectite identified in XRD testing completed for this study that 
the hyaloclastite rocks in Melbourne are relatively immature and have not reached (and may never 
reach) the more intensive stages of palagonitisation as detailed in the literature. A formalised stage 
system was developed by Frolova (2010) and shows the steady increase in the geotechnical properties 
of the rock. The classification is presented in Table 2-4. The Melbourne hyaloclastite rocks are 
believed to fall into Stage 2 or 3. These categories have UCS ranges of 2-13 MPa and are described as 
ochre yellow in colour. Stage 2 is dominated by films/alteration zones of palagonite on the constituent 
clasts whilst stage 3 includes void filling with smectite stage minerals. Stage 1 rocks only have 
development of palagonite at point contacts between fragments within the initial debris pile and are 
therefore considered to be barely lithified. Stage 1 rocks may have been drilled through at Alphington 
where the resultant recovered sample was a gravel type material whilst downhole televiewer surveys 
showed intact rock. The possible Stage 1 rocks were generally encountered towards the base of the 
hyaloclastite deposits. 
Stage 4 sees a large increase in compressive strengths and conversion of some palagonite to zeolites. 
The rocks in Melbourne do not fall into this category.  
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5.4 Block in Matrix Approach (Bimrock) 
The block in matrix approach to assessing the significance of blocks of higher strength rock in a 
matrix of weaker material offers a promising way to assess not only the strength of the hyaloclastite 
mass but also a method of determining the block size (in the case of hyaloclastites – the size of pillow 
basalt or fragments of pillow basalt) which is of engineering significance to any given style of 
engineering project. As suggested by Medley (1994) the minimum and maximum size block in a 
matrix deemed to be geotechnically significant to a project can be determined using a characteristic 
engineering dimension (Lc). The minimum block size of geotechnical significance is defined as 
0.05Lc and the maximum block size of engineering significance is defined at 0.75Lc. For the 
proposed 3m diameter micro-tunnelled/pipe-jacked at Alphington the Lc would be 3. Therefore the 
postulated minimum geotechnically significant pillow basalt fragment would be 0.05x3.0=0.15m 
(150mm) in size. Additionally, the maximum geotechnically significant pillow basalt would be 
2.25m. If blocks larger than this exist within the rock mass Medley states that they should be 
considered as discrete areas of rock and a rock engineering approach should be adopted in design. 
This would indicate that at the tunnel scale the basalt pillow fragment sizes in the hyaloclastite which 
need to be considered geotechnically are those greater than 150mm in size. The presence of basalt 
fragments of this size are expected to either increase or reduce the strength of the rock mass. Based 
upon this theory, the variable quantities of gravel sized basalt clasts in the hyaloclastite identified 
during the grading tests would not have a significant effect on the mass strength and behaviour of the 
rock at the tunnel scale and should be therefore considered to be part of the matrix material. Other 
examples of minimum and maximum geotechnically significant block sizes are summarised in Table 
5-1. This table has been compiled to reflect the typical dimensions of aspects of construction projects 
completed in the Melbourne area. 








clast/block size (m) 
Geotechnically 
significant maximum 
clast/block size (m) 
Main sewer tunnel (3m diameter) 3.0 0.15 2.25 
Road tunnel (15m diameter) 15.0 0.75 11.25 
Basement excavation 5m deep 5.0 0.25 3.75 
Bored pile (0.6m diameter) 0.6 0.03 0.45 
Open trench pipe construction (2m wide) 2.0 0.10 1.50 
Geotechnical sample (UCS or triaxial) 
0.0635m diameter (63.5mm) 0.0635 0.0032 0.0476 
As can be seen from the Table 5-1, only the smaller sized excavations such as open trenches for 
pipeline construction and piles are affected by the basalt clasts within the matrix of the “pure 
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hyaloclastite”. The larger constructions are more prone to being geotechnically affected by only the 
largest of blocks, which in the case of hyaloclastites would be similar to the occasional pillow lavas 
encountered in the hyaloclastite at Darebin Creek. From measurements undertaken at the Darebin 
Creek outcrop it can be seen that several pillow basalts within the hyaloclastite fall within the range of 
“geotechnically significant” sizes. Figure 5-6 shows the pillow basalt sizes compared to a hypothetical 
3m tunnel envelope. All fragments of pillow lavas greater than 150mm in size are considered 
geotechnically significant. 
 
Figure 5-6 – Darebin Creek outcrop showing size of pillows against 3m tunnel envelope 
The pillow basalts may be geotechnically significant as they present a sharp contrast in strength 
ranges with heterogeneous excavation properties. As suggested by Sonmez (2009) and Medley (1997) 
an increase in the clast (ergo pillow basalt) content (also known as the volumetric block proportion – 
VBP) causes a corresponding increase in friction angle and a reduction in cohesion and UCS strength. 
It is believed that the rock is predicted to have a lower UCS strength as clast content increases, as 
fractures are able to initiate along the more frequent boundaries between the matrix and the blocks. 
This pattern of friction angle, cohesion and UCS change with VBP is graphically displayed in Figure 
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Figure 5-7 – Relationship between strength parameters and volumetric block proportion (Sonmez et al., 2009) 
Sonmez reproduced charts from Lindquist (1994) showing the increase in friction angle with VBP. 
Figure 5-8 shows the results obtained from Lindquist’s laboratory testing.  
 
 
Figure 5-8 – Internal friction angle vs volumetric block proportion (Sonmez et al., 2009) 
The increase in friction angle with an increase in VBP as seen in Figure 5-8 is also summarised in 
another chart presented in Lindquist (1994) displayed here as Figure 5-9. This chart shows the 
increase in friction angle only occurs when VBP increases from anywhere between 27% to 72 %.  
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At the laboratory sample size the minimum geotechnically significant block size is approximately 
3mm. Based upon the grading results from the samples tested, approximately 70% by mass of all the 
samples are comprised of gravel fragments 3 mm or larger in size. Figure 5-9 predicts that the base 
friction angle of a rock will increase gradually up to a maximum of increase increment of 15º as VBP 
increases from approximately 27% to approximately 70%. As most of the samples tested already have 
up to 70% geotechnically significant “blocks” in them, the friction angle is thought to be close to the 
highest it could theoretically be for these rock types. The friction angle could however be expected to 
reduce by up to 15º with a reduction in the volume of clasts present within the hyaloclastite. 
 
 
Figure 5-9 – Estimated increase in Friction angle vs Volumetric block proportion (Sonmez et al., 2009) 
Photo analysis (Figure 5-10) of the Darebin Creek outcrop by methods described in Section 4.8.2 
indicates the presence of approximately 35% pillow basalts greater than 150mm in size. At the tunnel 
scale, the pillow basalts in the hyaloclastite greater than 150mm in size are therefore expected to 
cause an increase in the friction angle of the rock mass of approximately 2.5º (if the rock mass is 
assumed to be massive).  
  
 





Figure 5-10 – Photo analysis determination of percentage pillow basalt of Darebin Creek outcrop. 
5.5 Rock Mass Classification and Categorisation System 
 Introduction 5.5.1
In order to determine how the rock types identified behave as part of a rock mass, a series of widely 
used rock mass classification systems has been used to help understand the quality of the various rock 
masses and to determine parameters to use in the calculation of rock mass strength and rock mass 
modulus. Less frequently used rock categorisation systems have also been utilised in order to 
anticipate the likely behaviour and engineering issues associated with the various rock masses.  
Rock mass classifications of the hyaloclastite type rocks and pillow basalt rocks encountered at 
Footscray and Alphington has been completed to allow comparison of the rock mass quality between 
locations. 
Also for comparison purposes, classification of a rock made entirely of hyaloclastite, a rock made up 
of both hyaloclastite and pillow lava and also entirely of pillow lavas such as that observed at 
Burnley/Richmond has been completed. A classification of subaerial basalt typical to Melbourne in 
both its fresh and highly weathered state has also been completed.  
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Where it is noted during the detailing of the rock mass classifications that the data has been obtained 
from “low quality rock” it infers that an assumption has been made that the hyaloclastite rock mass is 
predominantly disintegrated. This assumption combined with the actual borehole data obtained from 
geotechnical investigations at both sites provides what has assumed to be the “worst case” or lower 
bound estimate when assessing rock mass quality. An “intermediate case” assessment has been made 
using borehole data combined with mapped outcrop data (the low RQD from drilling and the 
relatively massive rock encountered in outcrop). A “best case” or upper bound scenario has also been 
modelled using all outcrop data which is based upon an assumption that the rock mass is a weak yet 
massive rock as observed at the Darebin Creek outcrop. Rock mass classifications obtained from both 
the outcrop scale and borehole scale are considered to be most representative of the rock mass being 
studied. 
 Q-System 5.5.2
The various rock mass domains or facies were assessed based upon the Q-system rock classification 
system which includes the following components: 
 Block size: RQD and number of joint sets 
 Inter-block shear strength: Joint roughness and joint alteration 
 Active stress: Water flow along joints and any strength reduction factors  
These components were combined to calculate a Q value representative of the rock mass domain in 
question. The Q-rating gives an indication of the overall quality of the rock mass as summarised in 
Table 5-2. It can also be used to provide preliminary guidance of the required support that would be 
required in a tunnel. The support required in a shaft or wall can also be estimated by multiplying the 
Q-Rating by a factor of 2.5 if the initial Q-Rating is less than 0.1, or by a factor of 5 for rock masses 
with an initial Q-rating of greater than 0.1 (better than very poor). 
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Table 5-2 – Q-Rating Rock Quality Summary 
Q-Rating Quality of Rock Mass 
<0.01 Exceptionally poor 
0.01 to 0.1 Extremely poor 
0.1 to 1 Very poor 
1 to 4 Poor 
4 to 10 Fair 
10 to 40 Good 
40 to 100 Very good 
100 to 400 Extremely good 
<400 Exceptionally good 
The estimated support requirements also takes into account the span of the proposed excavation and 
the future use of the excavation in the form of an “equivalent dimension”. The excavation support 
ratio is calculated via the formula: 
 = ( )  
The Excavation Support Ratio (ESR) varies depending upon the risk associated with use of the 
structure and is effectively a way of providing a variable factor of safety depending upon the type of 
project. The various ESR values are presented in Table 5-3. 
Table 5-3 – Q-Rating Excavation Support Ratios 
Excavation Support Ratio ESR 
Temporary mine openings etc. 
3-5 
Vertical Shafts Circular section 2.5 
 Rectangular section 2 
Permanent mine openings, water tunnels for hydro power, water supply tunnels, pilot 
tunnels, drifts and headings for large openings 
1.6 
Minor road and railway tunnels, surge chambers, access tunnels, sewage tunnels etc. 1.3 
Power houses, storage rooms, water treatment plants, major road and rail tunnels, civil 
defence chambers, portals, intersections etc. 
1 
Underground nuclear power stations, railway stations, sports and public facilities, factories 
etc. 
0.8 
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Where the calculated Q-value is <0.1, an ESR value of 1.0 is generally adopted to counter the risk of 
significant stability problems such as cave-in. 
As discussed previously, the three main domains identified in Melbourne from geotechnical drilling 
samples and in outcrops include: 
 Hyaloclastite dominated rock (Domain 1),  
 Hyaloclastite with a significant proportion of pillow lavas contained within (Domain 2); and  
 A domain dominated by pillow lavas (Domain 3). 
Significant differences in RQD and apparent rock mass quality have been encountered between 
outcrop scale and borehole scale. At borehole scale the domains generally have a much lower RQD 
than observed at outcrop scale. There was also a marked difference in the RQD between the two 
geotechnical investigation locations in Alphington and Footscray. The differing RQD values are 
presented in Section 4.6. Whilst it is thought that many of the discontinuities encountered in the 
borehole core may actually be induced breaks caused by stresses induced in the highly heterogeneous 
and weak rock during the drilling process, they may also be due to slight differences in the stage of 
palagonitisation throughout the rock mass.  
As a consequence of the differences between interpreted RQD values obtained from outcrop and 
borehole data, Q-ratings have been developed for three “cases”, one based upon RQD data obtained 
from outcrop level, and one from data obtained from RQD data from both the Alphington and 
Footscray sites. The third classification provides a highly conservative rating due to its use of what are 
considered to be artificially low RQD’s as well as “crushed rock” joint set number. This leads to a 
block size number which could be viewed as treating the rock more like a soil. The rating considered 
to be most appropriate uses borehole RQD data coupled with parameters obtained from outcrop field 
mapping. Although no field outcrops were identified in the Footscray area, rock mass information 
from outcrops mapped near the Alphington site was used for the Footscray project.  
The parameters chosen for the Q-ratings for the rocks encountered in Footscray and Alphington are 
presented in Appendix O. 
  
 
      196 
 
 
A summary of the Q-System Ratings is presented in Table 5-4 and Figure 5-11. As a comparison, a 
GSI value has also been calculated and is presented in the summary table. The GSI is calculated by 
the equation: 
= 9 log + 44 
Table 5-4 – Summarised Q-Ratings 
Domain Details Q-Value  Quality of Rock Mass Calculated GSI 
  Footscray Alphington Footscray Alphington Footscray Alphington 
1 Hyaloclastite - borehole 
RQD and low quality 
rock  
1.6 0.1 Poor Extremely 
Poor 
49 38 
1 Hyaloclastite - borehole 
data 
16.0 0.8 Good Very Poor 58 47 
1 Hyaloclastite - outcrop 
data and borehole RQD 
28.0 28.0 Good Good 61 61 
2 Hyaloclastites and pillow 
lavas - borehole RQD 
and low quality rock  
1.4 0.5 Poor Very Poor 49 45 
2 Hyaloclastite and pillows 
- borehole data 
4.7 1.6 Fair Poor 54 49 
2 Hyaloclastites and pillow 
lavas - outcrop data and 
borehole RQD 
8.0 8.0 Fair Fair 56 56 
3 Pillow lavas - borehole 
data 
2.1 1.0 Poor Poor 51 47 
4A Fresh/Slight weathered 
subaerial basalt 
4.5 4.5 Fair Fair 53 53 
4B Highly weathered 
subaerial basalt 
0.4 0.4 Very Poor Very Poor 44 44 
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Figure 5-11 – Graphical summary of Q-Ratings  
Using the calculated Q-Ratings and Excavation Support Ratio for a 15m diameter tunnel and a 3m 
diameter sewer tunnel an estimation of required tunnel support can be found by plotting this detail on 
the Q-system support chart (Figure 5-12 and Figure 5-13). This has been completed for the 
hyaloclastite and pillow basalt rocks encountered at Alphington and at Footscray. An estimate of 
support requirements for “typical” fresh and highly weathered subaerial basalt has also been provided 
for comparison. 
0.0 10.0 20.0 30.0
Hyaloclastite - borehole RQD and low quality rock
Hyaloclastite - borehole data
Hyaloclastite - outcrop data and borehole RQD
Hyaloclasites and pillow lavas - borehole RQD
and low quality rock
Hyaloclastite and pillows - borehole data
Hyaloclasites and pillow lavas - ourcrop data and
borehole RQD
Pillow lavas - borehole data
Fresh/Slight weathered subaerial basalt
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Figure 5-12 – Support Categories based on Q-Ratings – Alphington (adapted from NGI (2013)) 
Shaft 
15 m diameter tunnel 
3 m diameter tunnel 
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Figure 5-13 – Support Categories based on Q-Ratings – Footscray (adapted from NGI (2013)) 
As can be seen from the charts, minimal support is predicted to be needed in excavations in or 
through the hyaloclastite. 
 Rock Mass Rating System (RMR) 5.5.3
Rock masses assessed by the Rock Mass Rating include the following components: 
 Compressive strength of rock (UCS) 
 RQD 
 Discontinuity spacing 
 Discontinuity condition - persistence, separation, roughness, infilling and weathering 
Shaft 
15 m diameter 
tunnel 
3 m diameter 
tunnel 
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These components are combined to give an indication of the quality of the rock mass. Table 5-5 
summarises the rating system and also provides an indication of the average stand-up time of an 
unsupported rock mass, rock mass friction angle and cohesion. 
Table 5-5 – RMR rock quality summary 
Rating <21 21-40 41-60 61-80 81-100 
Description Very Poor  Poor Fair Good Very good 
Class number V IV III II I 
Average Stand-Up 
Time 
30 min for 1m 
span 
10 hrs for 2.5 
m span 
1 week for 5 
m span 
1 year for 10 
m span 
20 years for 15 
m span 
Cohesion of rock 
mass (KPa) <100 100-200 200-300 300-400 > 400 
Friction angle of rock 
mass (º) <15 15-25 25-35 35-45 >45 
The Rock Mass Ratings completed for the hyaloclastite, hyaloclastite with pillows, pillow lavas and 
highly weathered and slightly weathered to fresh subaerial basalt are presented in Appendix P. 
Figure 5-14 shows the variation in estimated RMR between Footscray and Alphington. 
 
Figure 5-14 – Graphical summary of RMR values  
Of particular usefulness is the ability to cross check estimated RMR values with estimated GSI values 
using the simple equation: 
= 5 
0 20 40 60 80 100
Hyaloclastite -borehole data and
low quality rock
Hyaloclastite - borehole RQD and
outcrop data
Hyaloclastite - outcrop RQD
Hyaloclasites and pillow lavas -
borehole data and low quality rock
Hyaloclasites and pillow lavas -
borehole RQD and outcrop data
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The GSI determined using this equation based upon estimated RMR values are presented in the 
following section and also compared with geologically determined GSI values. 
 GSI 5.5.4
The geological strength index combines two primary factors to determine the rock mass quality. The 
two factors that are used are the surface conditions of joints including the roughness, infilling and 
weathering as well as the structure or “blockiness” of the rock mass. The rock structure factor has 
classifications for foliated/laminated/sheared rocks, disintegrated rocks, blocky/disturbed rocks and 
blocky and very blocky rock masses. The factors are combined with the aid of a graphical chart and a 
range of GSI values is subsequently estimated. As discussed in the literature review, the benefit of this 
system is its relationship to geological observations. Although there has been recent work to allow for 
a numerical calculation of the GSI (Cai, Kaiser, Uno, Tasaka, & Minami, 2004), Marinos and 
colleagues (2005) suggest that numerical methods take away from the intended geological 
observational nature of the GSI rating and should therefore be avoided or used with caution. 
The GSI system can be used to allow bodies such as the pillow basalt within a rock to structure to be 
represented. Therefore, the GSI values for the two sub-aqueous (hyaloclastite and hyaloclastite with 
pillow basalts) domains/facies encountered at Footscray and Alphington were plotted onto separate 
GSI charts to allow a clear representation of the varying estimated rock mass qualities. Pillow basalt 
rocks and highly weathered and slightly weathered subaerial basalt were plotted on all charts to allow 
comparison with rock types currently well understood in the Melbourne region. The GSI charts are 
shown as Figure 5-15 to Figure 5-18. 
 




Identifier Rock Domain  
1 Hyaloclastite - borehole RQD and low quality rock (worst case) 1 
2 Hyaloclastite -borehole RQD and outcrop data (intermediate case) 1 
3 Hyaloclastite -outcrop RQD and outcrop data (best case) 1 
7 Pillow lavas 3 
8 Subaerial basalt 4A 
9 Highly weathered subaerial basalt 4B 
 
Figure 5-15 – GSI – Hyaloclastites - Alphington 
 




Identifier Rock Domain  
4 
Hyaloclastite and pillows - borehole RQD and low quality rock (worst 
case) 2 
5 
Hyaloclastite and pillows -borehole RQD and outcrop data 
(intermediate case) 2 
6 Hyaloclastite and pillows-outcrop RQD and outcrop data (best case) 2 
7 Pillow lavas 3 
8 Subaerial basalt 4A 
9 Highly weathered subaerial basalt 4B 
 








Identifier Rock Domain  
1 Hyaloclastite - borehole RQD and low quality rock (worst case) 1 
2 Hyaloclastite -borehole RQD and outcrop data (intermediate case) 1 
3 Hyaloclastite -outcrop RQD and outcrop data (best case) 1 
7 Pillow lavas 3 
8 Subaerial basalt 4A 
9 Highly weathered subaerial basalt 4B 
 
Figure 5-17 – GSI – Hyaloclastites - Footscray 
 




Identifier Rock Domain  
4 
Hyaloclastite and pillows - borehole RQD and low quality rock (worst 
case) 2 
5 
Hyaloclastite and pillows -borehole RQD and outcrop data 
(intermediate case) 2 
6 Hyaloclastite and pillows-outcrop RQD and outcrop data (best case) 2 
7 Pillow lavas 3 
8 Subaerial basalt 4A 
9 Highly weathered subaerial basalt 4B 
 
Figure 5-18 - GSI – Hyaloclastites and pillow basalt - Footscray 
As can be seen from the various GSI charts, there are a wide variety of interpreted GSI values which 
vary depending upon how the hyaloclastite rock mass is classified. If the rock mass is classified as a 
massive, weak rock with relatively good condition (yet widely spaced) jointing, the GSI value is in 
the range of 55 to 76. However if the hyaloclastite rock mass is identified as essentially being a 
disintegrated and heavily broken rock mass, the rating becomes dramatically lower at 34 to 55. 
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Discontinuities encountered in the hyaloclastite rock mass are relatively infrequent as the stress 
history has not imparted any tectonically derived joints, nor has any fracturing occurred due to 
cooling of the rock as occurs in the overlying subaerial basalt. Where possible discontinuities do 
occur, they are generally rough and have little to no evidence of infilling or alteration products. In 
reality it is expected that the weak rock mass will behave much better than a loose disintegrated rock 
mass but should not be considered to be massive due to the low intact strength of the rock. A “middle-
ground” has therefore been adopted. As discussed by Marinos and colleagues (2005), for massive and 
weak rocks the blocky or massive category may be suitable however the discontinuities cannot be 
better than the rock mass so must have an upper limit of “fair” and are usually “fair” or “poor”. Hence 
the values for weak rock masses tend to be in the range of 45-65 (V. Marinos et al., 2005). This 
approach has the effect of downgrading the rock mass classification and is consistent with the 
approach of this study where borehole data has been used to reduce the overall mass classification to 
allow a more realistic representation of the rock mass classification. Consequently the chosen 
classification data when combined provides a GSI of the hyaloclastite rock mass of between 48 and 
65. 
A comparison between ratings is shown in Figure 5-19 and summarised in Table 5-6.  
 
 
Figure 5-19 – GSI values for all domains and methods of assessment at Footscray (F) and Alphington  
0 20 40 60 80 100
Hyaloclastite - worst case (Alphington)
Hyaloclastite - worst case (Footscray)
Hyaloclastite - intermediate (Alphington)
Hyaloclastite - intermediate case (Footscray)
Hyaloclastite - best case (Alphington)
Hyaloclastite - best case (Footscray)
Hyaloclastite and pillows - worst case (Alphington)
Hyaloclastite and pillows - worst case (Footscray)
Hyaloclastite and pillows - intermediate (Alphington)
Hyaloclastite and pillows - intermediate case (Footscray)
Hyaloclastite and pillows- best case (Alphington)





Highly weathered subaerial basalt (Alphington)
Highly weathered subaerial basalt (Footscray)
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  Rock Unit From To From To 
1 Hyaloclastite - borehole RQD and low quality rock (worst case) 34 45 40 55 
2 Hyaloclastite -borehole RQD and outcrop data (intermediate case) 47 62 50 65 
3 Hyaloclastite -outcrop RQD and outcrop data (best case) 58 76 55 75 
4 
Hyaloclastite and pillows - borehole RQD and low quality rock 
(worst case) 34 46 40 55 
5 
Hyaloclastite and pillows -borehole RQD and outcrop data 
(intermediate case) 42 57 45 60 
6 Hyaloclastite and pillows-outcrop RQD and outcrop data (best case) 47 65 50 68 
7 Pillow lavas 40 55 43 58 
8 Subaerial basalt 55 70 55 75 
9 Highly weathered subaerial basalt 35 50 35 50 
The hyaloclastite and pillow lava domain is estimated to have a GSI range from 34 to 68 and the 
pillow lavas are estimated to have a range of GSI values from 40 to 58. This is in comparison to the 
subaerial basalt deposits where the highly weathered basalt was rated from 35 to 50 and the fresh to 
slightly weathered basalt from 55 to 75.  
The GSI results suggest that the rock mass at Alphington is of slightly lower quality than that found at 
Footscray. This is possibly due to a greater degree of palagonitisation and subsequent void filling at 
Footscray. This greater degree of palagonitisation may have occurred because the lava flow at this 
location is older or simply contained more volcanic glass allowing more palagonite to form as the 
glass devitrified.  
The hyaloclastite with pillows is predicted to have a lower rock mass quality due to the pillow basalt 
structures imparting random zones of weakness into the almost massive hyaloclastite rock mass. The 
pillow basalt structures are considered to put the structure ranking of GSI in the 
blocky/disturbed/seamy category with the pillows acting as fractured “seams” in the rock mass. The 
orientation of the pillow basalt structures has generally been found to be in a consistent direction 
associated with the relict lava delta front morphology. These aligned structures may also represent 
orientation based plains of weakness similar to bedding or schistosity.  
The pillow basalt (greater than 75% pillows) have been considered to have a lower GSI rating due the 
rock being highly fractured due to radial cooling cracks caused during their formation. These fractures 
are often smooth and show some signs of weathering.  
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As discussed previously, it is considered that the most appropriate range of values representing the 
GSI for the hyaloclastite are at some middle ground between the overly fractured and disintegrated 
rock mass conditions as indicated by the borehole core sampling. It is believed that the rock types 
being studied have been dramatically affected by the drilling process, with a reduction in RQD and 
fracture spacing which is at odds with the appearance of being a massive rock mass at outcrop scale.  
However it is not considered appropriate for the rock mass to be considered as massive due to the 
presence of many millimetre scale, low persistence discontinuities between particles of the palagonite. 
The GSI ratings considered to best characterise the various facies or domains are presented separately 
in Figure 5-20. 
 




Figure 5-20 – Suggested GSI ranges for all facies/domains. 
 
Comparison of GSI values 
 
The calculated GSI ratings derived numerically by calculations from Q-ratings or RMR values are 












      210 
 
Table 5-7 – Numerically derived GSI values - Footscray 
  Footscray 
   
  Rock 
Calculated GSI 
from RMR 





Hyaloclastite - borehole data and low 
quality rock 48 49 40-55 
2 Hyaloclastite -borehole RQD 63 58 50-65 
3 Hyaloclastite -outcrop RQD 73 61 55-75 
4 
Hyaloclastite and pillows - borehole data 
and low quality rock 48 49 40-55 
5 Hyaloclastite and pillows -borehole RQD 53 54 45-60 
6 Hyaloclastite and pillows-outcrop RQD 58 56 50-68 
7 Pillow lavas 52 51 43-58 
8 Subaerial basalt 71 53 55-75 
9 Highly weathered subaerial basalt 44 44 35-50 
 
Table 5-8 - Numerically derived GSI values - Alphington 
Alphington 








Hyaloclastite - borehole data and low 
quality rock 43 38 34-45 
Hyaloclastite -borehole RQD 58 47 47-62 
Hyaloclastite -outcrop RQD 73 61 58-76 
Hyaloclastite and pillows - borehole data 
and low quality rock 43 45 34-46 
Hyaloclastite and pillows -borehole RQD 48 49 42-57 
Hyaloclastite and pillows-outcrop RQD 58 56 47-65 
Pillow lavas 49 47 40-55 
Subaerial basalt 66 53 55-70 
Highly weathered subaerial basalt 44 44 35-50 
 
These ratings have been presented graphically in Figure 5-21 and Figure 5-22. It can be seen from the 
two charts representing the rocks encountered at both Footscray and Alphington that there is good 
correlation between the GSI values numerically calculated from the RMR and Q classification 
systems. The values obtained from the RMR system are generally higher than the value derived from 
the Q-system. This may result from a greater emphasis on discontinuity conditions in the RMR 
system leading to a bias towards conditions which give overall higher GSI values. In reality some of 
the classification categories can be highly subjective when minimal data is available. There is also a 
good correlation between the GSI derived numerically from the Q-System and RMR and the GSI 
determined from geological observations. This can provide some confidence that the parameters 
chosen for the development of the Q and RMR rock mass clarification represent relatively good 
estimates of the rock mass component features.  
 




Figure 5-21 – Comparison between numerically and geologically derived GSI - Alphington 
 
Figure 5-22 - Comparison between numerically and geologically derived GSI - Alphington 
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 Ground Behaviour Categorisation (Stille & Palmstrom, 2008) 5.5.5
This categorisation system developed by Stille and Palmström (2008) utilises information on the 
ground conditions gathered from geological observations. Much like the GSI system, it uses a simple 
qualitative division of rock masses based upon graphical depictions, combined with the expected 
influence of in-situ ground stresses and groundwater conditions to predict the probable behaviour of 
the rock mass. This expected behaviour information is important for allowing appropriate rock 
engineering tools for the geotechnical design to be determined. This categorisation method has been 
used to assist in the understanding of the possible range of geological problems which may occur 
when dealing with the suite of hyaloclastite and pillow basalt type rock identified in Melbourne. 
Again for comparison reasons, an estimation of the categorisation of the fresh to slightly weathered 
and highly weathered subaerial basalt flows has also been completed. 
The categorisation of the five rock masses studied is presented on Figure 5-23. 
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Figure 5-23 - Rock Mass behaviour (Stille & Palmstrom, 2008) 
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Classification of the subaerial basalts and pillow lavas was relatively easy due to an easy recognition 
of jointing characteristics and an understanding that the rock mass behaviour is likely to be controlled 
by discontinuities. Characterisation of the subaqueous products proved to be more complex. As found 
with the rock mass classification schemes, depending upon the interpretation of the integrity of the 
hyaloclastite, a significant range of behaviours may occur. If the rock is considered to be either 
massive or a hard soil like material rather than heterogeneous rock fragments in a weak (clayey) 
matrix, significant differences in behaviour are expected. As per the rock mass classification systems, 
the assumption of the rock mass composition type can have significant implications for the 
engineering properties of the rock mass. The three possible categories in which hyaloclastite rock 
facies/domain could be classified as are shown in Figure 5-23. The domains, composition type and 
short (initial) term and long term behaviour are summarised in Table 5-9.  
Table 5-9 – Ground Behaviour Characterisation Summary 
Domain Description Type of Rock mass 
composition 





Domain 1 Hyaloclastite Soft or weak materials - 
rock fragments in a matrix 
of soft/weak (clayish 
material) 
Cave-in (low-moderate stress), 
block falls, cave-in and plastic 
deformation (high stress). 
Water inflow or inburst. 
Cave-in (low stress), cave-ins 
block falls, squeezing 
(overstressed). Swelling 
(indicated as a possibility but 




material - soil like material 
with friction properties 
(loose cemented 
sandstones, crushed and 
disintegrated materials in 
some faults) 
Cave-in, running ground (low-
high stress). Water inflow or 
inburst/flowing ground. 
Cave-in, running ground (low 
stress to overstressed). 
Flowing ground. 
Or 
Hyaloclastite Continuous/intact material 
- plastic/ deformable rocks 
(soapstone, rocksalt, some 
clayish rocks) 
Stable, block falls - low -
moderate stress. Plastic 
deformation (overstressed).  
Stable, block falls - low -
moderate stress. Squeezing 
(overstressed) 
Domain 2 Hyaloclastite 
and pillows 
Soft or weak materials - 
rock fragments in a matrix 
of soft (clayish material) 
Cave-in (low-moderate stress), 
block falls, cave-in and plastic 
deformation (high stress). 
Water inflow or inburst. 
Cave-in (low stress), cave-ins 
block falls, squeezing 
(overstressed). Swelling. 
Domain 3 Pillow basalt Discontinuous - Jointed 
rocks intersected by weak 
layers or by seams (filled 
joints) occurrence of 
seams (filled joints) 
Block falls (low stress to 
overstressed). Water inflow, 
water inburst. 








Discontinuous - Rocks 
intersected by joints and 
partings - Jointed 
homogenous foliated and 
bedded rocks 
Block falls (low stress to 
overstressed). Water inflow, 
water inburst. 







basalt -  
Discontinuous - Jointed 
rocks intersected by weak 
layers or by seams (filled 
joints) - prominent 
weathering along joints 
Block falls (low stress to 
overstressed). Water inflow, 
water inburst. 
Block falls (low stress to 
overstressed). Swelling. 
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All the predicted initial and long-term behaviours for subaerial facies/domains (highly weathered and 
slightly weathered basalt) appear to be good fits with what is known and understood of the 
engineering geology in the Melbourne area. The pillow basalt facies also appears to have a valid 
categorisation due to its largely discontinuity dominated behaviour, coupled with a reduction in 
strength due to the presence of interstitial seams of weaker material between the pillows. It is easily 
conceivable that block falls of pillow basalts may occur at low stress when occurring as random 
blocks in hyaloclastite rock types, whilst caving of the finer hyaloclastite matrix between the pillow 
basalts may occur. Adequate consideration of the effect of possible swelling conditions in the pillow 
basalts and highly weathered basalt is provided by referring to the table produced by Stille and 
Palmström (2008).  
As with previously studied rock mass classification systems, greater difficulty exists when defining 
the rock mass composition of the hyaloclastite domain. These rocks are for example not considered to 
be able to form running ground, but minor cave-ins or block falls are expected to be plausible failure 
mechanisms. The small amount of expected cave-in places the hyaloclastite at the boundary between 
“rock fragments in a soft or weak matrix” and “continuous or intact yet plastically deformable” rock 
masses which are generally stable but where block falls may occur. 
This method appears to be very successful and useful at providing guidance on the type of problems 
which may occur within a particular rock mass. It also has the advantage that it also effectively and 
easily allows characterisation and an understanding of geological problems of several weak rock 
categories unlike the Q-System, RMR and GSI discussed previously. 
 Weathered Rock Classification 5.5.6
As discussed in the literature review, the weathering classifications developed by the Geological 
Society engineering group working party (Geological Society Engineering Group Working Party, 
1995) are very useful to help understand the anticipated engineering properties of various types of 
weathered rock material. A total of four approaches are presented to cover an array of different 
weathering effects encountered in different rock types. Of particular interest is “Approach 3” which 
has been developed to allow prescriptive classification of heterogeneous rock masses. Weathering 
such as this occurs in granitic type soils where high strength corestones embedded in weaker rock or 
soil are common.  
This approach is also applicable to hyaloclastites with varying pillow basalt structure content due to 
its ability to deal with stronger materials in a weaker matrix. It is believed that the behaviour of 
hyaloclastite with increasing quantities of pillow basalt are represented by the different stages of rock 
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weathering as described by “Approach 3”. A direct comparison of the materials can therefore be made 
with appropriate prediction of what will control the geotechnical behaviour of the rock mass. Table 
5-10 summarises the proportion of material grades and the typical geotechnical characteristics. The 
100% fresh to moderately weathered rock category applies to solid subaerial basalt. The highly 
weathered soil represents the hyaloclastite due to the strength contrast. The proposed pillow basalt to 
hyaloclastite matrix ratio making up the intermediate categories is presented in Table 5-10.  
Table 5-10 – Weathered Rock Classification and applicability to hyaloclastite and pillow rock mixtures 
Guideline proportion material 
grades Postulated Pillow lava: hyaloclastite ratio 
Typical 
Characteristics 
100% fresh to moderately 
weathered rock 
Solid basalt subaerial flow (above passage 
zone) 
Behaves as rock; 
apply rock mechanics 
principles to mass 
assessment and design 
>90% fresh to moderately 
weathered rock, <10% highly 
weathered to residual soil 
100% Pillow lavas Weak materials along 
discontinuities. Shear 
strength, stiffness and 
permeability affected 
50-90% fresh to moderately 
weathered rock, 10-50% highly 
weathered to residual soil 
10% hyaloclastite, 90% pillows Rock framework still 
locked and controls 
strength and stiffness; 
matrix controls 
permeability 
30-50% fresh to moderately 
weathered, 50-70% highly 
weathered to residual soil  
30% hyaloclastite, 70% pillows Rock framework 




<30% fresh to moderately 
weathered, 70-100% highly 
weathered to residual soil  
70% hyaloclastite, 30% pillows Weak rock controls 
behaviour. Corestones 
may be significant for 
construction and 
investigations 
100% highly weathered to residual 
soil  
100% hyaloclastite May behave as soil 
although relict fabric 
may still be significant 
As per Stille and Palmström’s ground behaviour categorisation, this approach also appears to be a 
very useful method to provide guidance on rock mass behaviour and therefore to assess the 
engineering properties of the various rock masses studied. The postulated interpreted equivalent 
pillow basalt/hyaloclastite ratio is useful because it provides information about at what ratio the 
pillow basalt inclusions become geotechnically significant. For “Approach 3” the weathered rock 
system suggests that the pillow basalts are expected to dominate strength characteristics when the 
proportion exceeds 70%, yet still identifies that the presence of 30% or less pillow basalt can 
nonetheless be significant to construction and investigation. Unlike the weathered rock classification 
(Geological Society Engineering Group Working Party, 1995), it is not expected that rocks comprised 
of 100% hyaloclastite will behave as soil. All the samples recovered for this study show little 
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similarity to soil and are generally ‘weak rock’ being both extremely difficult to remould in water and 
found to be non-slaking.  
This method is broadly equivalent to that researched by Lindquist (1994) who when working with 
similar more competent rock “inclusions” in a weaker matrix found that the rock mass could 
effectively be classified as a block rock mass albeit with weak infilled joints when the “inclusion” 
content passed 75%. No contribution to strength was provided by the harder rock “inclusions” when 
the percentage of these harder rock inclusion dropped below 30%.  
 Field Methods for Characterising Weak Rocks (Santi, 2006) 5.5.7
This method was developed by Santi to enable initial identification of weak rocks followed by rapid 
classification of the typical engineering behaviour. The system uses four factors which are: 
 C-Value (corestone value) – gauges the importance of matrix in the overall strength of the 
rock. This system is closely based on the weathered rock classification system discussed in 
section 5.5.6. 
 S-Value (strength value – based upon field strength estimate techniques). 
 D-Value (critical aspect of discontinuities) – this takes the least favourable of either 
discontinuity spacing or apertures. 
 R-Value (reactivity to water) – this allows rate of change of strength due to exposure (slaking) 
to be factored in. 
The derivation of these factors is based on a ranking system as presented in Figure 5-24. It is 
important to note that the C-value derivation method is based on a slightly adapted version of the 
weathered rock classification system discussed in Section 5.5.6. 
  
 




Figure 5-24 – Derivation of rankings for characterising weak rocks (Santi, 2006) 
The numerical ratings of these four factors are then combined using the graphical chart presented in 
Figure 5-25. The classification of the hyaloclastite rock is presented in  
Table 5-11 and graphically shown in Figure 5-25. 
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Figure 5-25- Hyaloclastite SRD classification (Modified from Santi (2006)) 
 





C-Value 5 Weak grade will control behaviour. 
Corestones (pillow lavas) may be 
significant for engineering and 
construction 
S-Value 6 Very soft rock, material crumbles under 
firm blows with sharp end of geo pick 
D-Value 3 Rough joints 
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Based on initial rating assessments, hyaloclastites with pillow basalt will have the same classification 
as the hyaloclastite rock. 
The location of the classification on the chart indicates that hyaloclastite is a rock that sits on the 
boundaries of strength vs discontinuity controlled behaviour whilst also possibly experiencing slightly 
accelerated weathering.  
Santi also uses the weathering classification developed by the geological society to broadly predict 
some engineering properties of weak rocks. These are summarised in Table 5-12. Typical parameters 
associated with these grades of weak rock are presented in Table 5-13. An indication of the equivalent 
hyaloclastite rock with varying volumes of pillow basalt structures is also included in these tables. 
It is however believed that these categories underestimate the strength of the hyaloclastite “end-
member” or “Grade 6” which likens the rock to soil with similar geotechnical parameters. 
Observations such as the natural slope angle of the outcrop at Darebin Creek being approximately 65º 
and lack of slaking suggests that the hyaloclastite has much higher strength characteristics than soil.
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suitability Slope stability Tunnel Support 
Hyaloclastite: Pillow lava equivalent  





Very durable, good 
aggregate 




Spot support for 
discontinuity 
controlled blocks 
Grade 2 Slightly Weathered 100% Pillow lavas Blasting generally 
necessary 
Very durable, good 
aggregate 
Excellent, can stand 
vertically 
unsupported 
1/2:1 to 1:1 H:V 
Spot support for 
discontinuity 
controlled blocks 
Grade 3 Moderately Weathered 10% hyaloclastite, 90% pillows Blasting generally 
necessary, but ripping 
may be possible 
depending upon 
jointing 
Poor durability, not 
suitable as aggregate 






Light steel sets on 
0.6-1.2m centres 
Grade 4 Highly Weathered 30% hyaloclastite, 70% pillows Ripping and or 
scraping 
Poor durability, not 
suitable as aggregate 
Good,  




Steel sets, partial 
lagging, 0.6-0.9m 
centres 
Grade 5 Completely Weathered 70% hyaloclastite, 30% pillows Scraping Poor durability, not 
suitable as aggregate 
Moderate 
1.5:1 to 2:1 H:V  




Grade 6 Residual Soil 100% hyaloclastite Scraping Poor durability, not 
suitable as aggregate 
Very poor, unstable 
because of low 
cohesion, 
1.5:1 to 2:1 H:V 
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Table 5-13 – Weak Rock Typical Parameters 
        
Typical 
Parameters         
      Weathering Grade           











Fresh Solid basalt subaerial flow (above 
passage zone) 
  






















70% hyaloclastite, 30% pillows  7.84-21.0  1-10  0 or does not 
apply 
 Medium  500-1000 
Grade 
6 
Residual Soil 100% hyaloclastite  12.24-22.1  <1 0 or does not 
apply 
 Low  500-1000 
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 Summary 5.5.8
Applying the various rock mass classification and categorisation schemes to the rocks encountered 
has assisted in developing a better understanding of the properties hyaloclastites. The completion of 
the categorisation schemes aided in identifying the range of potential hazards associated with 
construction in the various rock masses. Information was obtained outlining whether it is preferable to 
treat the rock mass as relatively unjointed and massive (yet still weak) or whether to approach 
classification as though the rock was effectively a soil like material. 
Due to the good (non-slaking) results from slake testing, a “middle ground” was utilised so that the 
rock mass classification would not provide indications of an extremely good rock mass which could 
lead to errors in assumptions made during design. This “middle ground” was determined by using 
some data such as borehole RQD combined with outcrop data collected along Darebin Creek. The 
three main rock mass classification systems all showed a good correlation between each other 
indicating that the main assumptions made about rock mass properties are generally consistent across 
the classifications. 
There was also generally good correlation between the classification of the rock mass at Alphington 
and Footscray. A slightly elevated rock mass quality was determined at Footscray due in part, it is 
believed, to the greater extent and quantity of palagonite, which has essentially lithified the rock to a 
greater extent. 
A summary of the rock mass classification values, categorisation findings and construction 
implications based are presented in Section 6.  
5.6 Rock Mass Properties 
 Introduction 5.6.1
The rock mass strength is considered to be highly variable between the facies/domains identified 
within the Newer Volcanics Group. Some variables for use in rock mass strength calculations such as 
the Hoek-Brown Criterion can be readily determined by laboratory testing such as intact UCS strength 
and intact modulus ratio. The GSI can also be readily determined by geological observation.  
A material constant mi is required for calculation of the Hoek Brown Criterion. Typical values of this 
material constant for various rock types are presented in a table by Hoek and Brown (1997). This table 
lists the mi for extrusive pyroclastic type igneous deposits with mi values of 19±3,19±8 and 13±5 for 
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agglomerate, breccia and tuff respectively. Previous studies by Seisdedos and colleagues (2012) and 
Neuffer and colleagues (2006) used mi constants of 16 and 18. Seisdedos also gave a possible range of 
constants of 11-21. There is clearly some variation in the assigned material constant mi in the work 
completed by others. Hoek acknowledges that sedimentary clastic breccias (which can be interpreted 
to also include hyaloclastite) may present a wide range of mi values depending upon the nature of 
cementing material and the degree of cementation and may range from values similar to sandstone 
(17±4) to those of fine grained sediments such as siltstones and chalk (7±2). 
 Calculation of material constant mi 5.6.2
Hoek and Brown (1997) recommend that wherever possible the mi constant be determined by 
statistical analysis of the results of a set of triaxial tests undertaken on core samples. A calculation of 
probable material constant mi has been undertaken to assess what a reasonable estimate of the mi 
constant for hyaloclastite may be. This was calculated from available triaxial testing results obtained 
from a Hoek cell test and also a soil triaxial testing frame (completed for a very weak sample). One 
test result from a UCS test ( 3 = 0) was also used in the calculation.  
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Using the data presented in Table 5-14 the material constant mi was calculated to be 7.01. Significant 
variations of this material constant occur with even the slightest change of these results indicating that 
more testing data needs to be used to more reliably determine the mi constant.  
Table 5-14 – Triaxial Data used in calculation of material constant mi 






For the purposes of this study however, this value will be used in the calculation of the rock mass 
strength. It is considered to be at the lower bound of possible mi values for hyaloclastite as indicated 
by the literature. The value is within the range of suggested constant values for chalk, marble, marls, 
siltstones and tuffs which are all weak rocks. It is therefore however deemed to be appropriate for use 
in the rock mass calculations. The calculation of this mi constant is expected to reflect the degree of 
lithification and possible palagonitisation stage of the hyaloclastite rocks encountered.  
The mi constant values for pillow basalts and subaerial basalts has not been calculated during this 
study, as it is expected that significant amounts of data have been used to determine the value of mi 
for basalts. The constant for basalt as indicated by Hoek and Brown (1997) is 25±5. 
 Rock Mass Strength  5.6.3
Rock mass strength was calculated for the five main rock domains or facies identified. The 
Generalised Hoek-Brown Criterion method (1994) was used to obtain the rock mass strengths. 




















D= blasting damage, assumed to be 0 for this study 
mi= material constant 
GSI= Geological Strength Index 
=intact UCS 
The parameters for use in the calculation of rock mass strength are summarised in Table 5-15 




(MPa) GSI mi 
Density 
(kg/m3) 
Derivation of parameters 
Hyaloclastite 1.37 55 7 2300 This study, Seisdedos et al (2012) 
Hyaloclastite with pillow basalts 1.37 50 7 2300 This study, Seisdedos et al (2012) 
Pillow basalts 16.97 48 25 2600 This study, Seisdedos et al (2012) 
Subaerial basalt (fresh/slightly 
weathered) 100 64 25 2600 
Seisdedos et al (2012), This 
study, Hoek (2007) 
Subaerial basalt (highly weathered) 10 45 25 2600 Peck et al (1993), This study, Hoek (2007) 
The major principal stress versus the minor principal stress of the failure envelope is presented in 
Figure 5-26. 
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Figure 5-26 – Hoek Brown Criterion Major and Minor principal stress charts – all study rocks. 
The associated friction angle and cohesion of these rock masses determined from the Mohr Coulomb 
fit of the Hoek-Brown Criterion are presented in Table 5-16. 
Table 5-16 – Mohr-Coulomb Rock Mass Parameters – All study rocks 
Mohr-Coulomb Fit Hyaloclastite 
Hyaloclastite with 
Pillows Pillow basalts Basalt SW Basalt HW 
Cohesion (MPa) 0.050 0.045 0.179 1.176 0.135 
Friction angle (º) 33 32 59 69 55 
It can be clearly seen that when fresh or slightly weathered, the subaerial basalt has a rock mass 
strength many magnitudes superior to the more highly weathered subaerial basalt or the products of 
molten basalt flowing into water. The hyaloclastite type rocks have the poorest rock mass properties 
due to the significantly lower intact unconfined compressive strength. If the intact UCS of the highly 
weathered basalt was much lower than 10MPa, it is expected that the rock mass material property 
would tend towards those shown by the hyaloclastites. An important observation is the distinct 
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reduction in quality of the pillow basalt rock mass caused by a lower GSI rating and lower UCS 
values. 
As per Medley (1994) and discussed elsewhere in this thesis, it is expected that an increase in the 
proportion of pillow basalt structures will increase the friction angle of the rock mass between 
approximately 30% and 70% pillows by approximately 15º. For example a rock with 70% pillow 
basalt structures may have a friction angle of up to 47º. This appears to fit with the estimate that a 
rock comprised of 90+% pillow basalts has a friction angle on 59º. 
The rock mass compressive strength ( cm) shows a similar pattern to the rock mass friction angles. 
The slightly weathered basalt is by far the most competent mass whilst the compressive strength of 
the hyaloclastite type rock mass is expected to be the lowest (even lower than highly weathered 
basalt). These rock mass compressive strengths are presented per domain/facies in Table 5-17. 
Table 5-17 – Rock Mass Compressive Strength 
Rock Mass Parameters Hyaloclastite 
Hyaloclastite 






(MPa) 0.2 0.2 4.4 36.2 2.5 
 Rock Mass Deformation 5.6.4
The rock mass modulus of deformation was also calculated for the various domains identified, using 
the empirical equation developed by Hoek and Diederich (2006): 
0.02 +
/2




D= blasting damage, assumed to be 0 for this study 
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Due to the absence of successful UCS tests with Young’s modulus measurements on hyaloclastites, an 
expected modulus ratio was required to allow calculation of the rock mass deformation modulus from 
the rock mass compressive strength. A very low rock mass ratio of 150 was chosen for the 
hyaloclastite dominated rock types owing to their low intact compressive strength and one UCS test 
instrumented to measure strain which returned a modulus ratio of 123. Data (Figure 5-27) presented 
by Oddsson (1981) of UCS vs secant modulus results for numerous tested samples from Iceland 
indicates an approximate modulus ratio of 200 when the UCS strength exceeds approximately 15 MPa 
and a modulus ratio of 150 for rocks with a UCS of less than 15 MPa. 
A modulus ratio of less than 200 is considered to be low (Matthews et al., 2008). This low modulus 
ratio may be applicable to rock such as shales and sandstones (Matthews et al., 2008) and is 
considered appropriate to the hyaloclastite rock mass due to the potential for the rock to be highly 
deformable due to pore and void collapse and the formation of low persistence yet frequent micro-
fracturing at the boundary between the basalt gravel sized clasts and the cementing palagonite.  
 
Figure 5-27 – Estimated Modulus Ratio of Icelandic hyaloclastites (after Oddsson (1981)) 
The basalt dominated rock types were given a modulus more akin to a typical modulus ratio (200-
500) of 250. The results of the calculations are presented in Table 5-18. 
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Table 5-18 – Rock Mass modulus values 
Rock Mass Parameters Hyaloclastite 
Hyaloclastite 





Estimated Modulus Ratio 150 150 250 250 250 
Modulus of elasticity 
(MPa) 84 63 1152 15248 559 
As can be seen from the table, the hyaloclastite rocks are predicted to be significantly more 
deformable under load than the basalt based rocks. Engineering design should take this into account. 
5.7 Simplified Engineering Geological Models 
This study has identified and developed engineering properties of rock types not previously identified 
in Melbourne. As part of this study and to assist in the understanding of how these rock types are 
likely to be encountered in Melbourne’s geology, a series of engineering geological block models 
have been developed to show the general relationships between the newly identified geology and the 
geology as it is currently known. The models also show key engineering geological aspects and 
properties associated with the deposits. These models are presented in  
 
 
Figure 5-28 and Figure 5-29. 
 







Figure 5-28 – Generalised engineering geological model 
Passage zone 
Alluvium (sandy clay and 
clayey sand) at base of 
palaeovalley 
Spiracles formed by 
gases and steam 
being entrained into 
subaerial basalt 
(voids) 
Hyaloclastite and pillows 
low strength –random 
jointing in basalt pillows, 
RQD: 12-35%, UCS: 1-10 
MPa, GSI: 47-60. 
Hyaloclastite matrix 
dominated strength of rock 
mass when there are between 
0-75% pillows present. 
Blockfalls from pillows and 
cave-in of hyaloclastite may 
be a hazard in excavations.  
Basalt (subaerial) – fresh to 
slightly weathered – very 
high strength – highly 
fractured to massive with 
some columnar jointing, 
RQD: 50-90%, UCS: 50-250 
MPa, GSI: 50-75 
Siltstone bedrock 
Infilled lava tube 
Pillow basalt dominated deposit – 
possibly due to maturation of lava flow 
system by development of lava tubes 
Highly variable ratio of 
hyaloclastite to pillow basalts 
Pillow basalt – fresh to slightly weathered –
highly fractured with frequent low persistence 
random orientation cooling joints. RQD: 11-
20%, UCS: 10-50 MPa, GSI: 40-58. Hazards 
from block falls in “randomly” jointed and 
“unpredictable” rock mass. Can be assessed 









Figure 5-29 - Generalised engineering geological model 
 
Earlier flow across base of 
valley 
Pillow basalt structures in 
a mass of hyaloclastite 
deposited in lake formed 
behind earlier subaerial 
flow. Inclined pillow 
basalt indicates advance 
direction of lava delta 
 
Higher proportion of pillow 
basalt structures at base of 
hyaloclastite debris caused by 
gravitational segregation of 




clay and clayey 
sand) at base of 
palaeovalley 
 
Spiracles formed by 
gases and steam 
being entrained into 
subaerial basalt 
(voids) 
High strength basalt 
boulders in highly 
reactive clay 
weathering profile 
Random areas of 
increased 
weathering 
Basalt (subaerial) – fresh to 
slightly weathered – very 
high strength – highly 
fractured to massive with 
some columnar jointing, 
RQD: 50-90%, UCS: 50-250 
MPa, GSI: 50-75 
Hyaloclastite and pillows 
low strength –random 
jointing in basalt pillows, 
RQD: 12-35%, UCS: 1-10 
MPa, GSI: 47-60. 
Hyaloclastite dominated 
strength of rock mass when 
there are between 0-75% 
pillows present. Blockfalls 
from pillows and cave-in of 
hyaloclastite may be a 
hazard in excavations.  
 
 




 The occurrence of hyaloclastites in Melbourne appears to be restricted to the base of 
palaeovalleys but hyaloclastites do not occur in all palaeovalleys 
 Strength testing of the hyaloclastites compares well with strengths measured and published in 
the global literature 
 The hyaloclastite encountered is thought to be at Stage 2 of palagonitisation (smectite), with 
some stage 1 rocks with a lower grade of palagonitisation 
 The bimrock approach is useful to identify how basalt fragments and pillow lava blocks affect 
the engineering properties and the strength of the rock  
 Rock mass classification was completed for hyaloclastite rock, hyaloclastite with pillow 
basalts and pillow basalt.  Data from the outcrops and boreholes was used in various ways to 
determine “best case”, “worst case” and “intermediate” rock mass classifications. For 
comparison fresh to slightly weathered basalt and highly weathered basalt was also assessed. 
 A good correlation between the rock mass classification methods was found 
 Various other methods including a Ground Behaviour characterisation method, a weathered 
rock classification system and a weak rock characterisation system were completed to help 
assess the engineering behaviour of the various rock masses. 
 The hyaloclastite rock mass strength is believed to be controlled equally by intact strength as 
well as the discontinuities that may be present. 
 The quantity of pillow basalt in the hyaloclastite and pillow basalt domain is expected to 
change the strength between 30 and 70% pillow basalts. Once there are greater than 70% 
pillows the rock mass can considered to be a pillow basalt rock and the material can be 
assessed using standard rock mechanics methods. 
 Minor cave-in of hyaloclastites is considered possible in excavations but block falls from the 
pillow basalts are considered to be a greater hazard. 
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 Rock mass strengths were calculated based on laboratory testing combined with rock mass 
classification. Hyaloclastite was found to be by far the weakest and most deformable rock 
mass with implications for under-design if the rock is misidentified as a weathered basalt.  
 For calculations of rock mass strength and modulus, the material constant mi was calculated 
from triaxial data to be 7.  This is similar to other weak rock such as siltstone and marl and is 
significantly less than the recommended values for breccia 
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 Summary and Conclusions 6.
6.1 Thesis Objectives 
The focus of this research was to identify and classify a rock type that had been encountered but not 
previously identified in Melbourne. During this process, two other domains or facies of rock 
originating by similar methods of quench cooling of lava were also identified. A rock consisting of 
gravel sized fragments of basalt set in a matrix of hard and brittle clay mineral was the main facies 
identified. This material was subsequently identified as a hyaloclastite and the clay mineral identified 
as palagonite. This rock type is also known as palagonite, palagonite tuff (Silvestri, 1963) and also a 
pillow fragment breccias and angular fragment breccia (Yamagishi, 1991). Hyaloclastites with 
variable quantities of pillow basalt structures embedded in the rock were also encountered. From 
comparison with several categorisation schemes (Geological Society Engineering Group Working 
Party, 1995; Santi, 2006) it is estimated that this material will have different geotechnical properties to 
a “pure” hyaloclastite when pillow basalts make up between 30 and 75% of the rock mass. A rock 
mass made up of greater than 75% pillow basalts structures can been classified as pillow basalts. 
Pillow basalt deposits have also been identified in Melbourne as part of this study. It is expected that 
most pillow basalts will have some minor hyaloclastite pockets or interstitial clay layers or seams 
within the rock mass. 
Upon identifying the rock types, the aim was to develop geological models taking into account the 
geological features, relationships and structures of similar areas of geology from around the world 
which are documented in the literature. The geological models were constructed using borehole data 
obtained from two recent geotechnical investigations completed in the suburbs of Melbourne and 
Footscray. One of the models was completed in two dimensions due to limitations on available data, 
whilst a three-dimensional model was deemed suitable for the data in Alphington. Initial attempts at 
understanding the complicated geology at Alphington had proved difficult due to the complex 
geological relationships. 
Once the relationship between the various rock types was understood, the engineering geology of the 
rock types was investigated using laboratory testing results. Most of the laboratory testing undertaken 
was point load index testing with some unconfined compressive strength testing. Two triaxial tests 
were also completed.  
It was recognised early on in this study that the hyaloclastite rocks would generally fall into the class 
of “weak rocks”. Research indicated that one of the main characteristics of weak rocks was their 
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propensity to slake. It was therefore reasonable to undertake some slake testing on core samples. This 
testing was completed prior to physical disaggregation of the samples.  
Two methods of determining the particle size distribution of the constituent parts of the rock were 
identified during the literature review. One method involved photo analysis and segmentation of 
images of the hyaloclastite samples. The second method involved disaggregating the samples using 
five freeze-thaw cycles and gentle mechanical breaking of the samples. Samples of disaggregated 
material then underwent standard particle size distribution testing. Plasticity index testing was 
undertaken on fines recovered from the matrix materials and selected samples were sent for XRD 
testing.  
One of the other main objectives was to map an outcrop of hyaloclastite and pillow basalts which had 
been identified during the field reconnaissance of areas where hyaloclastite and pillows may exist. 
Various rock mass classification and categorisation methods were identified during the literature 
review as possibly being applicable to the rocks in question. These classifications were completed 
utilising data obtained during both the geotechnical investigations and from mapping of an outcrop 
identified close to one of the geotechnical investigation locations. The objective of this piece of work 
was to identify and focus on the likely rock mass conditions and attempt to understand how the rock 
mass will behave when interacting with engineering projects. A decision was made to also classify 
and categorise slightly weathered basalt and highly weathered subaerial basalt based upon data 
obtained from geotechnical investigations and from the literature. This was to allow comparison of the 
behaviour of the different rocks which may be encountered in the same environment. 
Once information had been gathered on the geological controls, structures and features of the rock 
types and the geomechanical behaviour of the rock was understood, the aim was to develop a series of 
simplified geological block models. The purpose of these block models is to demonstrate the 
important relationship information between the various geologies in the Melbourne area, to highlight 
key engineering geological information and to identify possible geological hazards to construction 
projects encountering the rock types. These simple sets of diagrams successfully and rapidly 
communicate to geotechnical and civil engineering practitioners the various situations in which the 
hyaloclastites and pillow basalts may be encountered and possible construction difficulties associated 
with these rocks.  
Furthermore another objective was to develop a classification or categorisation system to allow the 
materials to be correctly identified and their properties to be understood. This categorisation was to 
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include a set of recommendations detailing suitable methods of geotechnical investigation and testing 
to enable more efficient gathering of information. 
All of these objectives have been met during the course of this study. 
6.2 Material Identification 
The brecciated rocks initially encountered during geotechnical investigations had previously been 
identified as weathered basalt on several projects undertaken by numerous geotechnical consultants 
across the Melbourne area. Upon closer examination it was felt that this identification did not match 
observations of the rock texture and was therefore incorrect. It was also considered that the difference 
in material properties between the actual rock properties and “typical “ weathered basalt may have a 
significant effect on the understanding of the interaction between engineering structures and the 
ground with particular reference to building foundations, excavations and tunnels.  
The geotechnical profile in the investigation project areas comprised a layer of basalt cooled from 
subaerial flows overlying the brecciated material. The basalt rock is part of the Quaternary age Newer 
Volcanics Group or Province. The subaerial basalt, frequently recovered as a blue grey slightly 
weathered to fresh fine grained basalt with varying vesicularity, is the rock type most frequently 
encountered during engineering projects to the west and north of Melbourne’s CBD. Initial research 
into the causes of brecciation of basaltic rocks identified that the brecciated rocks were likely due to 
the interaction of hot molten basalt flows with bodies of water, either the sea or in lakes. The 
quenching and subsequent fracturing of the molten basalt produced deposits of angular basalt clasts 
and volcanic glass. The volcanic glass shards were highly thermodynamically unstable and rapidly 
devitrified into palagonite (Y. V. Frolova, 2010). This palagonitisation process led to the formation of 
hyaloclastite deposits. Once the quench fragmentation method of formation was identified, subsequent 
analysis of rock core and field mapping obtained from geotechnical investigations revealed the 
presence within the hyaloclastites of varying quantities of pillow basalt structures. One example of 
outcrop in Melbourne was also identified in this study as being comprised of almost 100% pillow 
basalts. Further research lead to the deduction that the volume of pillow basalts present within the 
hyaloclastite is dependent upon the effusion rate of the lava, which is in turn affected by the maturity 
of the lava flow and corresponding features such as the development of lava tubes delivering high 
volumes of relatively uncooled lava to the flow front. High flow rates are more conducive to the 
formation of pillow basalts. Another key piece of information was that hyaloclastites tend to form 
“lava deltas”. That is, as the lava starts flowing into the water body, fragments of basalt and volcanic 
glass (precursor to hyaloclastite) with a capping of subaerial lava progrades out into the water body. 
Pillow basalts are deposited on the delta front at an angle which reflects the angle of the prograding 
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lava delta at that point. Pillow basalts may also become concentrated towards the base of a 
hyaloclastite deposit as the pillows are sorted by gravity as on the delta fronts pillow basalt structures 
may become unstable and roll to the toe of the prograding delta. These collected pillow basalt 
structures eventually become “overridden” by the advancing delta. Useful information on the 
boundary and shape of the passage zone was also obtained which shows that this interface is usually 
horizontal, representing the water level at the time of formation. Changes in the passage zone level are 
observed but these changes are caused by events such as changing tides and loss of water in the water 
body due to overtopping and breaking of lava dams, or failure or slumping of the delta edge. The 
passage zone, and its horizontal and abrupt nature, was observed in the outcrop identified along 
Darebin Creek. The pillow lavas are also observed to be sloping downstream at an angle of 
approximately 40º indicating the advance direction of the lava delta. Several elongate pillow basalt 
structures lay parallel to each other representing subsequent stages of lava delta advance. 
6.3 Geological Models 
Geological models were developed using data from geotechnical investigation projects where 
hyaloclastite and associated quench fracturing rocks had been encountered. These models were 
developed based on three main facies or domains. These domains were a facies dominated by 
hyaloclastite, a facies including hyaloclastite and pillow basalt structures where the quantity of pillow 
structures is thought to affect the geomechanical properties of the rock mass and a facies dominated 
by pillow basalt structures where the presence of hyaloclastites are expected to have negligible effect 
on the geomechanical properties of the rock mass. The model for Footscray showed a generally 
simple arrangement of a layer of pillow basalts atop the sediments of the river/seabed which existed 
prior to development of the delta. Hyaloclastites mixed with pillow basalts are found above the pillow 
basalts and then subaerial basalt above the hyaloclastite and pillow basalt mixture. The passage zone 
was found to be sloping, possibly caused by a lowering of water levels by processes such as tides, 
lava dam failure or seasonal changes.  
The model developed of the Alphington site was significantly more complex with different zones of 
subaerial basalts at varying elevations, including beneath rock postulated to be the result of interaction 
of lava with water. The distribution of hyaloclastite and pillow basalts was also not as simple as the 
Footscray site. A wedge of hyaloclastite was found under a wedge of pillow lavas, atop which sits the 
layer of subaerial basalt separated by a relatively horizontal boundary or passage zone. The wedge of 
hyaloclastite rock in this location is thought to predate the pillow basalt deposit and result from the 
lava flow reaching the water body at a relatively slow rate due to the initial immaturity of the lava 
flow. As the lava flow matured, with features such as lava tubes developing, a larger volume of hotter 
lava could be delivered to the area and to the lava delta front prograding into the water body. Hotter 
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lava tends to produce more pillows (Cas & Wright, 1987). At Alphington, sufficient drilling was 
completed to allow identification of the initial subaerial lava flow which flowed across the flood plain 
and dammed the course of the river. This dam created a lake into which basalt lava flowed forming 
the hyaloclastite. The development of geological models helped the understanding of how the various 
rocks are related to each other with details such as the shape of the contacts and distribution and 
possible extents of various rock types making up the geology in the project area. 
6.4 Engineering Properties and Laboratory Testing 
Due to the heterogeneous nature of the hyaloclastite type rocks, obtaining suitable samples for testing 
was often problematic. No testing could be completed on the domain representing the mixture of 
hyaloclastite and pillow basalt structures because the size of a truly representative sample would have 
been in the order of metres rather than millimetres. Testing was therefore conducted primarily on the 
hyaloclastite type rocks. Some testing was completed on basalt from the pillow lavas as well to allow 
understanding of the strength contrast of the materials. 
Laboratory testing was completed on samples from both geotechnical investigations and those 
collected from the banks of Darebin Creek. Point load index testing and uniaxial compression testing 
was completed which revealed an average UCS strength of 2.26 MPa (Footscray) and 6.04MPa 
(Alphington) and an Is50 of 0.46 MPa (Footscray) and 0.25MPa (Alphington) classifying the rock as 
very low strength. Using the UCS and Is50 values a conversion factor was also calculated to enable an 
estimation of UCS strength from Is50 values. This conversion factor was estimated at being 10.4. 
Triaxial testing was also completed on two samples from Alphington. Several triaxial tests were 
scheduled but the samples could not be prepared for testing due to the weak nature of the rocks. The 
triaxial testing also allowed for a very limited estimation of the material constant mi to be calculated 
for use in Hoek-Brown failure criterion. The material constant mi calculated from the triaxial testing 
results is estimated to be 7. This is significantly lower than the “breccia” material constant adopted for 
some studies (Neuffer et al., 2006; Thompson et al., 2008) where the value of mi=19±5. This 
difference in mi value has significant implications for calculation of rock mass strength. The estimated 
mi is similar to other weak rocks such as gypsum, siltstone and chalk. 
As it was felt that the strength of the hyaloclastite rock could be dependent upon the ratio of matrix 
material (palagonite) to basaltic gravel fraction, testing was completed to help determine the particle 
size distribution of the rocks. A photo/image analysis method was trialled to calculate percentage 
basalt to clast matrix. Whilst this method proved to be easy to undertake, the results did not 
correspond well with the particle size distribution (both mechanical sieve and hydrometer) testing 
conducted on the same disaggregated samples of rock and is therefore considered to be an invalid 
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method of testing. To achieve disaggregation of the rock, a process of five cycles of freeze thawing 
was completed, this had a sufficient weakening effect to allow the rock to be easily broken into its 
constituent parts by gentle taps from a 1 kg hammer.  
One of the interesting things identified about the hyaloclastite once disaggregated is the toughness of 
the particles of palagonite. Upon disaggregation they break down to a sand size particle which is 
comprised of a clay mineral which does not soften in water. If however these particles are ground 
down by additional mechanical effort they do break down to clay although the coarser basalt 
fragments in the rock prevent this from happening to the bulk rock sample.  
Plasticity index (Atterberg) testing was undertaken on the fines present in the disaggregated rock. The 
fines were generally shown to be high plasticity silt close to the A-Line. X-ray diffraction (XRD) 
testing was also completed on samples which showed that the minerals present in the matrix are 
smectite and illite. It is considered that the material is categorised as silt due to aggregation of the clay 
particles. 
As a test of how much the rock may slake due to the clay mineralogy present, a series of slake tests 
and weatherability tests were undertaken. This testing revealed that although the rock can be classified 
as a weak rock it showed little sign of slaking, this was surprising due to smectite clay minerals being 
present in the rock as identified by XRD testing. One of the samples did slake readily and this is 
thought to be due to possible greater volumes of the smectite clay minerals being present within the 
rock. Due to the identification of smectite within the hyaloclastite and the slaking of one rock it is 
suggested that it is assumed that all identified hyaloclastites in Melbourne may have the propensity to 
swell and slake unless proved otherwise by testing. 
6.5 Rock Mass Classification 
Rock mass classification of the three main identified rock types (hyaloclastite, a mixture of 
hyaloclastite and pillow basalts and pillow basalts) was completed to provide a comparison between 
how the rock mass behaves individually but also when compared to other better known rock materials 
in Melbourne which is mainly subaerial basalt in both a fresh/slightly weathered state and also in a 
highly weathered state.  
The rocks were classified with the Q-System, Rock Mass Rating (RMR) and GSI methods. 
One of the greatest challenges was determining the block size component of rock mass classifications 
of the hyaloclastite and the hyaloclastite and pillows. The outcrop rock mapped showed very few 
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discontinuities other than those associated with the quench cooling fractures formed in the basalt 
pillows. The rock mass could be viewed as either an essentially massive rock or the palagonite could 
be described as a hard soil. Geotechnical drilling through the rock mass produced relatively low RQD 
values which are not thought to be representative of the material itself as many of the fractures in the 
drill core are considered to be drilling induced. Therefore, for all the classification methods, if outcrop 
scale structural data was used, a very good rock mass would be predicted. However classification of 
the rock mass based on the borehole data alone resulted in prediction of a very low quality rock mass. 
Whilst the outcrop scale rock mass classification has been completed for both the hyaloclastite with 
pillow basalts and the pillow basalts encountered along Darebin Creek and in Burnley respectively 
these are thought to represent a higher quality rock mass than what would likely be encountered. 
Consequently, geological judgement was used and the RQD from the drilling was used alongside 
other parameters in the rock mass classification obtained from the outcrop scale. This had the effect of 
reducing the quality of the rock mass determined from the various classification processes.  
The reliability of using the Q-System and RMR methods in weak rocks is questioned by both the 
developers of these systems. The GSI is thought at least to be able to take into account geological 
features better and is also thought to be particularly useful at modelling the pillow basalt layers 
present in the hyaloclastite with pillow basalt unit. With the adoption of reduced block size 
parameters there was good correlation between all the classification methods. Comparison of the rock 
mass classifications indicate that the rock masses assessed have properties in the following order of 
quality (from best to worst quality rock) 
 Fresh to slightly weathered basalt 
 Hyaloclastite 
 Hyaloclastite and pillow basalts 
 Pillow basalt 
 Highly weathered basalt 
Beside the “mainstream” and widespread geomechanical classification schemes, further classification 
systems were also identified which would assist in understanding the rock mass properties and 
possible consequences for engineering projects. 
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A method of weak rock classification developed by Santi (2006) was used to assess the weak rocks 
encountered. This method takes into account the proportion of corestones present within the rock 
mass (in this case the corestones are equivalent to the pillow basalts), the strength of the material, a 
slaking value and a description of any discontinuities which might be identified. This classification 
places the hyaloclastite rocks (both with and without pillow basalts) into a category where the mass 
strength of the rock is on the borderline of being controlled by the in-situ strength and fractures within 
the rock mass, whilst at the same time highlighting that the rock may experience accelerated 
weathering. This conclusion is thought to be appropriate for the hyaloclastite rocks encountered. 
The classification developed by Santi included elements of a method developed by the Geological 
Society of London (1995) to classify weathered rocks. This method included an approach to allow the 
understanding of rock comprised of corestones of higher strength material surrounded by a weaker 
rock. A figure was placed on the percentage volume of corestones that change the engineering 
properties of the rock mass, this method was also adopted for this study. It is therefore estimated that 
if pillow basalts make up less than 30% of the rock mass then the strength will be controlled by the 
strength of the hyaloclastite. When between 30 and 50% pillow basalts are present within the rock 
mass they start to contribute to the rock mass strength but the stiffness and permeability is still 
controlled by the hyaloclastite. Above 50% and up to 75% pillow basalts the rock mass is predicted to 
become locked by interlocking of some of the pillow basalts, therefore the pillow basalts control 
strength and stiffness. The hyaloclastite still controls permeability. When the pillow basalts exceed 
75% of the rock mass, the presence of “seams” between pillows of hyaloclastite are still expected to 
control stiffness and shear strength. As the rock mass approaches 100% pillow basalts, traditional 
rock mechanic principles are expected to become increasingly applicable for mass assessment and 
design. Although the use of photo-analysis of laboratory scale specimens to determine particle size 
proved to be unsuccessful in this study the use of photo analysis at the scale of outcrops or 
excavations of hyaloclastite shows promise as a method of determining relative proportions of pillow 
lavas. This may help to guide the engineering understanding and treatment of the rock mass.  
Further information was gathered on how the rock mass would behave when encountered during 
engineering projects by using Stille and Palmström’s (2008) Ground behaviour characterisation 
method. This characterisation method is based on four main categories and fifteen subcategories of 
rock mass material types. Using simple descriptions and schematic images of rock masses the five 
main rock types of this study were assessed to determine possible short and long term material 
properties. The hyaloclastites and hyaloclastite with pillow basalts are predicted to be at risk of cave-
in in tunnels or excavations over both the short and long term. There is also a risk of block-falls. It is 
considered that the risk of block-falls increases as the volume of pillow basalt increases in a 
hyaloclastite. Block falls are considered to be the dominant risk over both the long and short term in 
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excavations in pillow basalts, slightly weathered basalts and highly weathered basalts. The highly 
weathered basalts are also adjudged to be potentially swelling in the long term if one of the alteration 
products produced by weathering is smectite. 
6.6 Rock Mass Strength and Deformation Characteristics 
The rock mass strength and deformation characteristics were calculated using the Generalised Hoek-
Brown Criterion (Hoek et al., 2002) and the methods set out by Hoek and Diederichs (2006) 
respectively. These calculations revealed that whilst the hyaloclastite type rocks, pillow basalts and 
highly weathered basalt rock masses are all significantly weaker (Mohr Coulomb fit friction angles at 
low stress levels of 32 and 33º for the hyaloclastite rocks, 59º for the pillow basalt rocks, 55º for the 
highly weathered basalt) than the fresh /slightly weathered subaerial rock mass (Mohr-Coulomb fit 
friction angle of 69º), the hyaloclastite rock masses (hyaloclastites and hyaloclastite with 30-75% 
pillow basalt) are both much weaker and more deformable than the next strongest rock mass (highly 
weathered basalt). The modulus of rock mass deformation for the hyaloclastite type rocks was found 
to be less than 100 MPa. The rock mass modulus of the pillow basalts was 115 MPa. This compares 
dramatically with the estimated rock mass modulus of fresh/SW subaerial basalt ~15000 MPa and 
even with highly weathered subaerial basalt of ~550 MPa. 
The rock mass strength of the pillow basalt rock is greater than that of the highly weathered basalt due 
to the lower intact compressive strength of the highly weathered basalt combined with the probable 
poor joint conditions (clay filled joints with weathered surfaces). This is in contrast to the more highly 
fractured pillow basalts which have higher intact compressive strengths and generally better joint 
conditions (less weathered). 
This difference in mass strength and modulus is of great significance to construction projects in 
Melbourne as tunnels or foundations may be under-designed if hyaloclastite rocks are mistakenly 
identified as highly weathered basalt. This misidentification is thought to have happened on some 
projects in the Melbourne region in recent times. 
Should it be felt that the rock does act as a massive weak rock mass, an alternative approach may be 
required for assessment of the material properties. As described by Hoek and Brown (1997), one 
approach would be to take large diameter samples (100mm or greater) and undertake triaxial testing. 
The GSI value could then be back calculated from these results. 
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6.7 Distribution of Hyaloclastites and Pillow Lavas in Melbourne 
After identifying the method of formation of hyaloclastites in Melbourne a typical environment of 
deposition can be determined. The main location where hyaloclastites may occur is in the numerous 
palaeovalleys which are now buried by subaerial basalt flows across Melbourne’s north and western 
suburbs. Whilst it could be assumed that hyaloclastites and associated pillow basalts can be found at 
the base of all these palaeovalleys, results from geotechnical investigations undertaken for the 
proposed East West Link tunnels showed no such materials in the two main palaeovalleys through 
which the tunnel is designed to pass through. Therefore it is believed that in the Melbourne area there 
are two main controls on the formation environment of hyaloclastite type rocks. The first environment 
would be in valleys where significant disruption of drainage lines has occurred due to damming by 
other lava flows. This in theory could happen in any palaeovalley into which lava flowed but may 
have been more common at the confluence of palaeovalleys. The sites at Alphington and Darebin 
Creek are thought to fall into this category. The second environment would be in valleys close to the 
sea, where sea levels have risen and flooded the palaeovalley. The sites at Footscray and Burnley are 
thought to fall into this category.  
One of the most important geological features of these deposits, which could impact on engineering 
projects, is the presence of the passage zone, which barring any perturbations by water levels rising or 
falling (such as tides) or slumping of the original delta surface, is predicted to be generally horizontal. 
This is the case for the outcrop exposed in Darebin Creek. This fact is important because it allows the 
boundary to be extrapolated out across a site and therefore aid prediction of where the hyaloclastite or 
pillow basalts will be encountered. This boundary is also critical as it is the point at which the 
geomechanical properties of the rock mass change significantly. There is a sharp contrast between the 
hyaloclastite (with unconfined compressive strength values of <10 MPa and rock mass modulus value 
<100MPa) and the overlying subaerial basalt rock (with an unconfined compressive strength of >150 
MPa and rock mass modulus value 15 GPa) which meet at the passage zone. 
In summary the distribution of hyaloclastite and associated products across the Melbourne area is 
wider than initially expected. However, in some locations where hyaloclastite or associated products 
would be expected to be found, no evidence of hyaloclastite or pillow basalt type rocks have been 
encountered. Again, this may be due to disruption of the drainage pattern by lava flows stopping the 
flow of water down valleys. It could also be due to the eruption of basalt and flow along a valley in a 
period during the long eruption of the Newer Volcanics lava flows in Melbourne, between 
approximately 5Ma and 800,000 years ago, when the climate was sufficiently arid for the 
palaeovalleys to be dry. Where projects are located in the vicinity of one of the possible palaeovalleys 
as indicated in Figure 6-1, and also have construction activities involving excavations through the 
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subaerial basalt which extend past the passage zone and into hyaloclastite rock, practitioners will have 
to factor in the geotechnically different hyaloclastite and pillow lavas in design.  
Outside of the greater Melbourne area there is also a significant chance of encountering these 
materials beneath the thick basalt layer which has blanketed significant areas of western Victoria. 
However, the possibility of deep excavations in this rural and at times remote area is unlikely and 
therefore considered to be not of significance to many of the developments in this area. 
 
Figure 6-1 – Palaeovalleys in Melbourne (Birch, 2003) 
6.8 Simplified Engineering Geological Models 
Simplified engineering geological models were developed to provide a quick visual guide of “typical” 
hyaloclastite and pillow lava occurrences in Melbourne for geotechnical practitioners and researchers. 
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These simplified models show the relationships between the various rock types and how the 
distribution and relationship of the rocks can vary across a site or area. Two models were developed 
showing the differing situations in which the rocks may be found. Typical geomechanical properties 
of the rocks are also provided on the models. Possible geohazards to engineering works within the 
Newer Volcanic Group materials have also been included. 
The models developed are not representative of any particular location and should be seen as a 
composite of all the information gathered during the course of this research. Whilst the models are not 
to scale the relative scale of features encountered is believed to be correct. 
6.9 Classification System 
In order to aid identification and classification of the hyaloclastite and pillow material a series of four 
fact sheets have been produced. These sheets contain typical images of the material recovered from 
geotechnical drilling and also at outcrop scale. The outcrop scale images will be useful for identifying 
the material in excavations and or tunnels. The core sample photographs and recognition tips will aid 
identification of the rock types during geotechnical investigations. Typical geomechanical properties 
are also presented on the reference sheets to aid in design and interpretation of the rock mass. These 
sheets are presented in the following pages and are also attached in Appendix Q. 
 




Hyaloclastite (with less than 30% pillow basalt) 
  Intact UCS : 1.0 – 10 MPa  RMR: – 63-68 (lower bound: 48-53, upper bound: 78) 
  RQD – 0-40%,        Mi: 7 Q-Rating:- 0.8-16 (lower bound 0.1-1.6, upper bound 28) 
  Density: 2000 kg/m3 GSI:- 47-65 (lower bound 34-55, upper bound 55-76) 
  
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- special material category (rock 
fragments in a matrix of soft material), short term and long term hazard of 
cave-in and block falls within excavations and tunnels. No swelling 
behaviour. 
  Weathered Rock Classification:-  May behave as soil 
  c-S-D-R Classification:- Boundary between material strength controlled and 
fracture controlled strength, may experience accelerated weathering.  
  Weathered Rock/Weak Rock comparison:- Grade 5 to Grade 6, excavation 
by scraping, seismic velocity 500-1000 m/s.  
  NB inflow of material considered unlikely due to cohesion of rock mass. 
Rock Identification – Pale brownish orange to pale yellow hard and brittle 
non-softening clay matrix with angular fragments of dark grey fine grained 
basalt. Palagonite can appear granular. Basalt fragments are shard like and can 
exhibit “jigsaw” like tessellation with neighbouring clasts 
Sampling Notes: - Extremely fragile. Wrap to preserve moisture content 
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Hyaloclastite and Pillow Basalts (Pillow basalts to make up between 30% and 75% of rock mass). 
  Intact UCS : 1.0 – 10 MPa  RMR: – 53-58 (lower bound: 48-53, upper bound: 63) 
  RQD – 0-35%,        Mi: 7 Q-Rating:- 1.6-4.7 (lower bound 0.5-1.4, upper bound 8.0) 
  Density: 2000 kg/m3 GSI:- 42-60 (lower bound 34-55, upper bound 47-68) 
  
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- special material category (rock 
fragments in a matrix of soft material), short term and long term hazard of 
cave-in and block falls within excavations and tunnels. No swelling 
behaviour. Block fall hazard expected to increase with increasing presence of 
pillow basalts. 
  Weathered Rock Classification:-  Rock framework controls strength, matrix 
controls stiffness and permeability. 30% pillows basalt – matrix controls 
behaviour. 75% pillow basalts rock becoming interlocked 
  c-S-D-R Classification:- Boundary between material strength controlled and 
fracture controlled strength, may experience accelerated weathering. As 
pillow basalt content increases fracture controlled strength becomes more 
dominant.  
  Weathered Rock/Weak Rock comparison:- Grade 4 to Grade 5, excavation 
by scraping and ripping, seismic velocity 1000-2000 m/s 
  NB inflow of material considered unlikely due to cohesion of rock mass. 
Rock Identification – Pale brownish orange to pale yellow hard and brittle 
non-softening clay matrix with angular fragments of dark grey fine grained 
basalt. Palagonite can appear granular. Basalt fragments are shard like and can 
exhibit “jigsaw” like tessellation with neighbouring clasts. Pillows are 
rounded and lobe like in cross section and can be elongated along their length. 
Elongation caused by continued flow down delta front. Pillow structures 0.3 m 
to 1.0m in size. Elongated pillows up to approx. 4 m in length. Pillows are 
usually highly fractured with randomly orientated closely spaced joints (60-
200 mm). Characteristic devitrified rind can be observed around pillow basalt. 
Care should be taken not to confuse pillows in core with horizontal layers of 
basalt 
Sampling Notes: - Extremely fragile. Wrap to preserve moisture content 
preferably with heat-shrink wrap. Difficult to get representative sample of 
hyaloclastite and pillow basalt structures. Samples of both pillows and 
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Pillow Basalts (Pillow basalts to make up greater than 75% of rock mass). 
Intact UCS : 10– 50MPa 
 RMR: – 53-58 (lower bound: 48-53, upper bound: 63) 
RQD – 0-50%,        Mi: 25 Q-Rating:- 1.0-2.1 
Density: 2600 kg/m3 GSI:- 40-58 
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, intersected by weak 
layers and, short term and long term hazard block falls within excavations and 
tunnels. Possible swelling behaviour depending upon composition of 
interstitial materials. 
Weathered Rock Classification:-  Locked framework with weak materials 
along discontinuities. Shear strength, stiffness and permeability affected by 
rock weakness zones. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 2 to Grade 3, excavation 
by blasting/ripping, excellent stability but prone to deterioration, seismic 
velocity 1500-3000 m/s. 
Rock Identification –. Pillows are rounded and lobe like and dominated the 
rock mass. Classic “pinched-bottom” features observed in outcrop/excavation. 
Elongation caused by continued flow down delta front. Pillow structures 0.3 
m to 1.0m in size. Pillows are highly fractured with randomly orientated 
closely spaced joints (60-200 mm). Some interstitial hyaloclastite/palagonite 
lenses may be present. Care should be taken not to confuse pillows in core 
with horizontal layers of basalt 
Sampling Notes: . Difficult to obtain samples for testing due to fractured 
nature of rock. Sample interstitial soil material for Atterberg testing and 
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Subaerial basalt (fresh/slightly weathered) 
Intact UCS : 50– 250MPa (100 MPa) RMR: – 71-76 
RQD – 50-90%,        Mi: 25 Q-Rating:- 4.5 
Density: 2600 kg/m3 GSI:- 50-75  
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, rock intersected by 
joints and partings weak, short term and long term hazard block falls within 
excavations and tunnels. 
Weathered Rock Classification:-  Unweathered, treat as rock using rock 
mechanics tools. Spot support for blocks. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 1 to Grade 2, excavation 
by blasting, excellent stability, excellent durability, seismic velocity 2500-
5500 m/s.. 
Rock Identification –. Pale grey to dark grey occasionally purplish or blue 
grey. Very high strength rock. Can be highly vesicular or non-vesicular. Fine 
grained. Some weathering products or palaeosoils develop on flow surfaces. 
Sampling Notes: .Easy to core and sample. Testing should incorporate both 
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Subaerial basalt (highly weathered) 
Intact UCS : 5 -15 MPa RMR: – 49 
RQD – 20-60%,        Mi: 25 Q-Rating:- 0.4 
Density: 2600 kg/m3 GSI:- 35-50 
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, intersected by weak 
layers and seams, short term and long term hazard block falls within 
excavations and tunnels. Possible swelling behaviour. 
Weathered Rock Classification:-  Locked framework with weak materials 
along discontinuities. Shear strength, stiffness and permeability affected by 
rock weakness zones. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 2 to Grade 3, excavation 
by blasting/ripping, excellent stability but prone to deterioration, seismic 
velocity 1500-3000 m/s. 
Rock Identification –. Low to medium strength rock, brown coloured basalt 
with occasional less weathered corestones of basalt. Frequent closely spaced 
joints often with soft to stiff high plasticity clay weathering product infill. 
Weathering pattern reflects larger rock mass spheroidal “onion skin 
“weathering. 
Sampling Notes: .Difficult to obtain samples suitable for testing due to 
fractured nature of rock. Weathered seams should be carefully logged for 
strength and characteristics of infill i.e. gravelly clay, clay etc. Wrap suitable 
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6.10 Implications for Construction Projects 
The identification of hyaloclastites and other quench brecciation derived rocks such as pillow basalts 
and their extent across the Melbourne region is a significant advance in the understanding of 
Melbourne geology and its interaction with infrastructure and other construction projects. The 
hyaloclastites are predicted to perform significantly differently to other rocks associated with the 
Newer Volcanics Group and it is therefore of great engineering geological significance that these 
rocks have been identified.  
During many previous projects completed in Melbourne, the hyaloclastites and pillow lavas have been 
incorrectly identified and logged as weathered basalt. Whilst this approach is questionable purely 
from a geological point of view (incorrect rock identification), it is also believed it could have had a 
significant effect on the engineering design of structures proposed to be constructed on or through the 
rock.  
The rock mass classification undertaken for hyaloclastites, pillow lavas and highly weathered basalt 
reveals that the ratings for these materials are better than those expected for the highly weathered 
basalt, due to the general good quality of the discontinuities in the hyaloclastite and pillow lavas, 
compared with the clay filled seams associated with basalt weathering products. These clay filled 
seams are also frequently relatively planar and the clay may be swelling in some instances. Due to the 
low intact strength of the hyaloclastite rocks the rock mass strength and deformation modulus are 
however significantly lower than that predicted for highly weathered basalts. Significant under-design 
of structures in or on these rocks may occur if misidentified.  
Issues which may affect projects during construction include cave-in or collapse of hyaloclastite rock 
which has less extensive palagonitisation and therefore lithification. As has been seen from the core 
samples taken from Alphington, the location of these less lithified rocks is difficult to predict and in 
these cases the rock mass quality would be very poor. The effort required to excavate hyaloclastite is 
expected to be generally low with bucket excavation or ripping with tines thought possible. However, 
where higher strength basalt pillows are encountered, additional excavation effort will be required in 
the form of hydraulic hammering or over excavation around the structure. Pillow basalts within the 
hyaloclastite are considered to be the main source of risk of block-falls when exposed in the walls of 
excavations or the roof or walls of tunnels or shafts. The location of these blocks and the ability to 
stabilise using rock bolts or dowels is expected to be difficult to predict due to the highly fractured 
nature of the structures. The hyaloclastite layers in a rock mass with greater than 75% pillow basalts 
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are expected to have a detrimental effect on the strength of the rock mass, as the hyaloclastite will act 
as weak seams within the mass.  
Whilst the bulk of the hyaloclastite rock is relatively durable and resistant to slaking, occasional 
seams of slaking material causing spalling of the excavation wall may occur in wetting and drying 
conditions. Swelling of the rock mass seems unlikely, based upon the reaction of rock during 
weatherability index testing. Excavation by mechanised tunnelling methods such as horizontal 
directional drilling (HDD) or tunnel boring machines (TBM) are expected to produce a muck/spoil 
that can generally be classified as a sandy gravel with a low fines content. The sand size fraction is 
comprised of the hard non-softening clay palagonite mineral which is not expected to cause issues 
with clogging of machinery unless it is mechanically ground down. The fines liberated after 
disaggregation were found to generally have plasticity indices in the high plasticity silt zone of the 
Atterberg limit/Casagrande chart. Any HDD project equipment for use through the hyaloclastite 
should be configured to enable boring through the high strength basalt pillow lavas, which have been 
found in some cases to be up to 1 m wide. 
It is recommended that future geotechnical investigations in Melbourne correctly identify 
hyaloclastites and pillow basalts within the geology. In line with the recommendations by Brown 
(2007) the material could be described in engineering logs as a volcaniclastic breccia rather than 
hyaloclastite to avoid any bias (either assuming too high or low strengths) or confusion in 
understanding of the material. The presence of pillow basalt structures should be identified during 
investigations as foundation or excavation conditions may change rapidly around these materials. 
Not only is the identification of this material important for proposed projects but also for the condition 
assessment of existing assets where the presence of the hyaloclastite rocks may result in the 
assessment of the surrounding geotechnical conditions being better than initially thought. 
One of the major proposed transportation tunnels in inner Melbourne (East West Link – Stage 2) will 
potentially run very close to the Footscray site identified in this study and through one of the zones 
identified through anecdotal evidence to have hyaloclastites and pillow basalts present. This project 
highlights the importance and validity of this study. 
6.11 Further Research and Recommended Geotechnical Investigation Techniques 
Significant further research is required on hyaloclastite and pillow basalt rock types to further the 
understanding of their geotechnical properties. Every available opportunity should be taken to study 
and map the rocks exposed in tunnels or excavations, a task which is believed to become easier now 
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that hyaloclastites and pillow basalts have been shown to exist as part of Melbourne’s geology. This 
mapping will further the understanding of the rocks, their locations and their complicated 
relationships to each other. Further triaxial testing is recommended to further understand the strength 
of the rock and allow a better estimation of the material/petrographic constant mi for use in the Hoek-
Brown Criterion. Samples taken for testing should be wrapped in heat shrink plastic to allow for better 
sample preservation and preparation of the generally low strength and fragile rock. Additional testing, 
in the form of UCS testing instrumented to measure strain and therefore determine Young’s modulus, 
are also required to better aid determination of the intact modulus of hyaloclastite type rocks and 
allow the modulus ratio to be calculated. A better understanding of the modulus ratio will increase the 
confidence of rock mass strength and deformation calculations determined from the Generalised 
Hoek-Brown Criterion. 
In-situ pressure meter testing or plate loading tests are also considered critical to understanding the in-
situ stiffness of this material due to the difficulties of obtaining, preserving and preparing 
representative laboratory scale samples for testing. 
It is also suggested that further work be undertaken to assess how and if the particle size distribution 
of the constituent parts of the rock affects the overall strength of these rocks. 
It is hoped that the engineering geology community present within Melbourne will volunteer 
information about projects where they now believe hyaloclastite may have been misidentified, to help 
build a better picture of the distribution and properties of these rocks across the Melbourne region. 
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Point Load Testing Results – Footscray – Subaerial Basalt 
Borehole Depth (m) 









Class (AS1726) Observed Failure Remarks 
BH-LM01 1.27 Basalt (F1) 7.82 17.78 139 Very High Failure through intact rock Non-vesicular 
BH-LM01 4.9 Basalt (F1) 7.36 17.78 130.9 Very High Failure through intact rock 
Highly 
vesicular 
BH-LM01 6.6 Basalt (F1) 14.09 17.78 250.5 Extremely High Discontinuity Controlled 
Slightly 
vesicular 
BH-LM01 15.9 Basalt (F1) 6.56 17.78 116.6 Very High Failure through intact rock Non-vesicular 
BH-LM03 3.8 Basalt (F1) 9.47 17.78 168.4 Very High Discontinuity Controlled 
Slightly 
vesicular 
BH-LM03 9.1 Basalt (F1) 2.24 17.78 39.8 High Failure through intact rock 
Slightly 
vesicular 
BH-LM03 10.7 Basalt (F1) 1.66 17.78 29.5 High Discontinuity Controlled 
Slightly 
vesicular 
BH-LM03 16.1 Basalt (F1) 3.99 17.78 70.9 High Discontinuity Controlled Non-vesicular 
BH-LM03 18.8 Basalt (F1) 3.73 17.78 66.3 High Discontinuity Controlled Non-vesicular 
  
Minimum 1.66 
     
  
Maximum 14.09 
     
  
Mean 6.32 
     
  
Median 6.56 
     
  
Standard Deviation 3.94 




Point Load Testing Results – Footscray – Pillow Basalt 
Borehole Depth (m) 









Class (AS1726) Observed Failure Remarks 





BH-LM02 15.9 Basalt (pillow lava) (F3) 2.87 17.78 51 High 
Failure through intact 
rock Non-vesicular 







     
  
Maximum 7.26 
     
  
Mean 4.57 
     
  
Median 3.59 
     
  
Standard Deviation 2.35 




Point Load Testing Results – Footscray – Hyaloclastite 
Borehole Depth (m) 









Class (AS1726) Observed Failure Remarks 
BH-LM01 10.1 Hyaloclastite (F2) 0.04 10.4 0.4 Extremely Low Crumbled   
BH-LM01 21.55 Hyaloclastite (F2) 0.10 10.4 1.0 Very Low Crumbled   
BH-LM01 23.25 Hyaloclastite (F2) 0.36 10.4 3.7 Low Crumbled   
BH-LM02 10.7 Hyaloclastite (F2) 0.30 10.4 3.1 Low Crumbled   
BH-LM02 24.4 Hyaloclastite (F2) 0.34 10.4 3.5 Low Crumbled   
BH-LM03 10.3 Hyaloclastite (F2) 1.01 10.4 10.5 Medium Crumbled   
BH-LM03 18 Hyaloclastite (F2) 1.06 10.4 11.0 Medium Crumbled   
  
Minimum 0.04 
     
  
Maximum 1.06 
     
  
Mean 0.46 
     
  
Median 0.34 
     
  
Standard Deviation 0.41 


























LM02 10.83 11.05 
F2 - 
Hyaloclastite 1932 32.07 4.63 1.68 18 
BH-
LM02 12.9 13.09 
F2 - 
Hyaloclastite 1895 43.24 0.77 0.29 16 
BH-
LM03 20.2 20.65 
F2 - 
Hyaloclastite 1894 35.5 1.37 0.68 0 
Mean       1907 36.94 2.26 0.88 11.33 
Median       1895 35.50 1.37 0.68 16.00 
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BH-NY25 16.9 17.1 A3 - Hyaloclastite           0.29               







BH-NY26 15.78 15.97 A3 - Hyaloclastite 2040 13.0 11.7       0.9 0.9 26.5 0.131 0.131 2443   
BH-NY26 16.5 16.7 A3 - Hyaloclastite 1690 22.7       0.26     38.2         
BH-NY26 17.5 17.7 A3 - Hyaloclastite 1720 21.9       0.13     37.8         






BH-NY28 14.09 14.45 A3 - Hyaloclastite 1520 31.4       0.23     46.9         
BH-NY28 15.34 15.63 A3 - Hyaloclastite 1110 45.8       0.47     52.5         
BH-NY28 17.59 17.89 A3 - Hyaloclastite 1460 32.1       0.13     47.3         
BH-NY38 10.1 10.35 A3 - Hyaloclastite   43.2 0.38       0.047 0.015           
Minimum 
  
 1110 13.0 0.38 0.2 24 0.13 0.047 0.015 26.5 0.131 0.131 2443 0 
Maximum 
  
 2120 45.8 11.7 0.224 30 0.47 0.900 0.900 52.5     
Mean 
  
 1670 30.8 6.04 0.212 27 0.25 0.474 0.458 41.5     
Median 
  


















































2400 10.4  1.6   23   




2270 9.8 4.6       




2520 8.74 29.34  17.43 21.26 20.09 0.88 0.32 
Minimum    2270  4.6    20.09   
Maximum    2520  29.34    23   
Mean    2397  16.97    21.55   
Median    2400  16.97    21.55   
Standard 
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Hyaloclastite RQD and fracture frequency data - Alphington 




BH-NY23 Hyaloclastite 18.4 19.9 0 0 
BH-NY23 Hyaloclastite 21.4 22.9 0 20 
BH-NY23 Hyaloclastite 22.9 24.4 0 20 
BH-NY25 Hyaloclastite 15.6 16 0 20 
BH-NY25 Hyaloclastite 17.1 18.6 0 20 
BH-NY26 Hyaloclastite 17.1 17.5 0 3 
BH-NY26 Hyaloclastite 17.5 17.8 67 0 
BH-NY26 Hyaloclastite 18.6 19 0 20 
BH-NY32 Hyaloclastite 9.2 10.7 0 20 
BH-NY36 Hyaloclastite 14.2 14.6 0 20 
BH-NY38 Hyaloclastite 9 9.6 0 20 
BH-NY38 Hyaloclastite 9.6 9.9 0 20 
BH-NY38 Hyaloclastite 9.9 11.1 0 20 
BH-NY38 Hyaloclastite 11.1 12.6 0 20 
BH-NY38 Hyaloclastite 12.6 13.5 0 20 
BH-NY38 Hyaloclastite 13.5 14.1 0 20 
BH-NY38 Hyaloclastite 14.1 15.6 0 20 
BH-NY50 Hyaloclastite 7.6 8.9 0 20 
BH-NY50 Hyaloclastite 10.6 11.6 0 20 
BH-NY50 Hyaloclastite 11.6 12.1 0 20 
BH-NY51 Hyaloclastite 6.5 8 0 0 
BH-NY52 Hyaloclastite 12 13 0 20 
BH-NY52 Hyaloclastite 15 16.5 0 20 
BH-NY55 Hyaloclastite 8.1 9.2 0 20 
BH-NY55 Hyaloclastite 9.6 10.4 0 20 
BH-NY55 Hyaloclastite 11.1 12 0 20 
BH-NY56 Hyaloclastite 5.2 6.7 0 20 
   
Median 0 18 
   




Hyaloclastite and pillow lavas RQD and fracture frequency data - Alphington 




BH-NY21 Hyaloclastite and pillows 11.6 13.3 19 20 
BH-NY21 Hyaloclastite and pillows 14.9 16.6 30 
BH-NY22 Hyaloclastite and pillows 10.32 10.8 0 20 
BH-NY22 Hyaloclastite and pillows 10.8 12.4 0 14 
BH-NY22 Hyaloclastite and pillows 12.4 12.55 0 20 
BH-NY22 Hyaloclastite and pillows 13.9 15.4 0 20 
BH-NY22 Hyaloclastite and pillows 15.4 16.9 13 
BH-NY22 Hyaloclastite and pillows 18.4 19.9 0 20 
BH-NY22 Hyaloclastite and pillows 19.9 21.4 0 20 
BH-NY22 Hyaloclastite and pillows 21.4 22.9 0 20 
BH-NY23 Hyaloclastite and pillows 10.9 12.4 22 
BH-NY23 Hyaloclastite and pillows 12.4 13.9 40 6 
BH-NY23 Hyaloclastite and pillows 13.9 15.4 6 8 
BH-NY23 Hyaloclastite and pillows 15.4 16.9 10 9 
BH-NY23 Hyaloclastite and pillows 16.9 18.4 36 10 
BH-NY23 Hyaloclastite and pillows 19.9 21.4 0 20 
BH-NY24 Hyaloclastite and pillows 12.3 13.8 0 
BH-NY25 Hyaloclastite and pillows 8.1 9.6 0 20 
BH-NY25 Hyaloclastite and pillows 9.6 11.1 0 20 
BH-NY25 Hyaloclastite and pillows 11.1 12.6 0 20 
BH-NY25 Hyaloclastite and pillows 12.6 14.1 0 20 
BH-NY25 Hyaloclastite and pillows 14.1 15.6 41 
BH-NY25 Hyaloclastite and pillows 16 17.1 0 20 
BH-NY25 Hyaloclastite and pillows 18.6 19.6 0 20 
BH-NY26 Hyaloclastite and pillows 9.6 11.1 76 3 
BH-NY26 Hyaloclastite and pillows 11.1 12.6 46 8 
BH-NY26 Hyaloclastite and pillows 12.6 14.1 29 20 
BH-NY26 Hyaloclastite and pillows 14.1 15.6 60 9 
BH-NY26 Hyaloclastite and pillows 15.6 17.1 65 20 
BH-NY26 Hyaloclastite and pillows 17.8 18.4 20 20 
BH-NY27 Hyaloclastite and pillows 14 14.9 0 20 
BH-NY27 Hyaloclastite and pillows 15.5 17 53 5 
BH-NY28 Hyaloclastite and pillows 13.5 15 13 9 
BH-NY28 Hyaloclastite and pillows 15 16.5 65 7 
BH-NY28 Hyaloclastite and pillows 18 19.5 0 20 
BH-NY28 Hyaloclastite and pillows 20.1 21 0 20 
BH-NY32 Hyaloclastite and pillows 4.7 6.2 73 5 
BH-NY32 Hyaloclastite and pillows 6.2 7.7 0 20 
BH-NY32 Hyaloclastite and pillows 10.7 11.38 0 20 
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BH-NY33 Hyaloclastite and pillows 4.8 5.7 61 5 
BH-NY33 Hyaloclastite and pillows 5.7 6.3 25 0 
BH-NY33 Hyaloclastite and pillows 6.3 6.95 0 20 
BH-NY33 Hyaloclastite and pillows 7.8 8.7 0 
BH-NY33 Hyaloclastite and pillows 8.7 9.3 40 3 
BH-NY33 Hyaloclastite and pillows 9.3 10.1 0 20 
BH-NY36 Hyaloclastite and pillows 12.7 14.2 20 9 
BH-NY36 Hyaloclastite and pillows 14.6 15.2 0 20 
BH-NY36 Hyaloclastite and pillows 15.2 15.7 20 8 
BH-NY36 Hyaloclastite and pillows 15.7 16.6 0 20 
BH-NY37 Hyaloclastite and pillows 14.45 15.20 0 20 
BH-NY37 Hyaloclastite and pillows 15.2 15.70 22 12 
BH-NY37 Hyaloclastite and pillows 15.7 16.7 0 20 
BH-NY38 Hyaloclastite and pillows 15.6 17 0 20 
BH-NY38 Hyaloclastite and pillows 17 18.6 0 20 
BH-NY50 Hyaloclastite and pillows 3.3 4.6 44 8 
BH-NY50 Hyaloclastite and pillows 8.9 10.6 57 20 
BH-NY51 Hyaloclastite and pillows 5.04 6.5 41 
BH-NY52 Hyaloclastite and pillows 6.46 7.5 39 12 
BH-NY52 Hyaloclastite and pillows 7.5 9 12 11 
BH-NY52 Hyaloclastite and pillows 9 10.5 46 11 
BH-NY52 Hyaloclastite and pillows 10.5 12 0 20 
BH-NY52 Hyaloclastite and pillows 13.5 15 29 20 
BH-NY55 Hyaloclastite and pillows 10.4 11.1 36 11 
BH-NY55 Hyaloclastite and pillows 12.6 13.5 0 20 
BH-NY55 Hyaloclastite and pillows 13.5 14.1 17 20 
BH-NY55 Hyaloclastite and pillows 14.1 14.52 0 20 
BH-NY55 Hyaloclastite and pillows 15.6 17.1 0 20 
BH-NY56 Hyaloclastite and pillows 8.2 8.36 29 20 
BH-NY56 Hyaloclastite and pillows 8.36 8.81 29 9 
BH-NY56 Hyaloclastite and pillows 8.81 9 29 20 
BH-NY56 Hyaloclastite and pillows 9.1 9.7 18 
   
Median 12 15 
   




Pillow basalt RQD and fracture frequency data - Alphington 




BH-NY21 Pillow basalt 13.3 14.9 88 4 
BH-NY21 Pillow basalt 16.6 18.3 11  
BH-NY21 Pillow basalt 18.3 19.9 14 20 
BH-NY21 Pillow basalt 19.9 21.5 6 10 
BH-NY21 Pillow basalt 21.5 23 33 9 
BH-NY21 Pillow basalt 23 24.5 0 18 
BH-NY22 Pillow basalt 12.55 13.9 100 
7 BH-NY22 Pillow basalt 16.9 18.4 8 
BH-NY22 Pillow basalt 22.9 24.4 6 
BH-NY22 Pillow basalt 24.4 24.77 0 20 
BH-NY23 Pillow basalt 24.4 25.3 0 20 
BH-NY25 Pillow basalt 20.1 21 0 20 
BH-NY26 Pillow basalt 18.4 18.6 0 20 
BH-NY27 Pillow basalt 14.9 15.5 83 3 
BH-NY28 Pillow basalt 12 13.5 0 9 
BH-NY28 Pillow basalt 16.5 18 70 
BH-NY28 Pillow basalt 19.5 20.1 0 20 
BH-NY32 Pillow basalt 7.7 9.2 51 9 
BH-NY32 Pillow basalt 11.38 11.70 100 3 
BH-NY32 Pillow basalt 11.7 12.2 0 20 
BH-NY32 Pillow basalt 12.2 13.7 0 20 
BH-NY33 Pillow basalt 3.3 3.7 100 5 
BH-NY33 Pillow basalt 3.7 3.8 0 10 
BH-NY33 Pillow basalt 3.8 4.8 50 9 
BH-NY33 Pillow basalt 6.95 7.8 100 3 
BH-NY36 Pillow basalt 16.6 17.2 50 8 
BH-NY36 Pillow basalt 17.2 17.8 0 17 
BH-NY37 Pillow basalt 13.7 14.45 0 20 
BH-NY37 Pillow basalt 17.2 18.2 77 8 
BH-NY38 Pillow basalt 8.1 9 11 20 
BH-NY50 Pillow basalt 4.6 6.1 7 20 
BH-NY50 Pillow basalt 6.1 7.6 20 20 
BH-NY50 Pillow basalt 12.1 13.6 25 10 
BH-NY52 Pillow basalt 13 13.5 40 12 
BH-NY55 Pillow basalt 6.6 8.1 9 20 
BH-NY55 Pillow basalt 9.2 9.6 0 20 
BH-NY55 Pillow basalt 12 12.6 26 20 
BH-NY55 Pillow basalt 14.52 14.87 23 11 
BH-NY55 Pillow basalt 14.87 15.6 0 20 
BH-NY56 Pillow basalt 6.7 8.2 38 11 
   
Median 11 14 
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Hyaloclastite RQD and fracture frequency data - Footscray 




BH-LM01 Hyaloclastite 13.9 15.4 80 0 
BH-LM01 Hyaloclastite 15.4 16.9 30 4 
BH-LM01 Hyaloclastite 16.9 18.4 20 20 
BH-LM01 Hyaloclastite 22.9 25.1 30 5 
BH-LM02 Hyaloclastite 10.6 13.95 40 5 
BH-LM02 Hyaloclastite 10.6 13.95 60 
BH-LM03 Hyaloclastite 12.7 15 70 5 
BH-LM03 Hyaloclastite 12.7 15 40 
BH-LM03 Hyaloclastite 19.2 22.5 65 
6 BH-LM03 Hyaloclastite 19.2 22.5 45 
BH-LM03 Hyaloclastite 19.2 22.5 10 
      Median 40 5 
      Mean 45 6 
      
 
Hyaloclastite and pillow basalt RQD and fracture frequency data - Footscray 




BH-LM01 Pillows and hyaloclastite 19.8 22.9 0 
10 BH-LM01 Pillows and hyaloclastite 19.8 22.9 5 
BH-LM01 Pillows and hyaloclastite 19.8 22.9 20 
BH-LM02 Pillows and hyaloclastite 15.1 18.8 30 
4 BH-LM02 Pillows and hyaloclastite 15.1 18.8 20 
BH-LM02 Pillows and hyaloclastite 15.1 18.8 0 
BH-LM02 Pillows and hyaloclastite 19.7 25.2 0 
10 
BH-LM02 Pillows and hyaloclastite 19.7 25.2 10 
BH-LM02 Pillows and hyaloclastite 19.7 25.2 40 
BH-LM02 Pillows and hyaloclastite 19.7 25.2 82 
BH-LM02 Pillows and hyaloclastite 19.7 25.2 95 
BH-LM03 Pillows and hyaloclastite 9.2 12.7 30 
7 BH-LM03 Pillows and hyaloclastite 9.2 12.7 50 
BH-LM03 Pillows and hyaloclastite 9.2 12.7 85 
BH-LM03 Pillows and hyaloclastite 15 19.2 40 
7 BH-LM03 Pillows and hyaloclastite 
15 19.2 50 
BH-LM03 Pillows and hyaloclastite 15 19.2 45 
BH-LM03 Pillows and hyaloclastite 15 19.2 62 
      Median 35 7 





Pillow basalt RQD values and fracture frequency data - Footscray 




BH-LM01 Pillow basalts 18.4 19.8 10 4 
BH-LM02 Pillow basalts 13.95 15.1 30 7 
BH-LM02 Pillow basalts 18.8 19.7 60 4 
BH-LM03 Pillow basalts 22.5 24.7 0 10 
BH-LM03 Pillow basalts 22.5 24.7 20 
   
Median 20 6 
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Jar Slake Testing Photographs 
 
Samples 1 to 6 prior to oven drying 
 
Samples 7 and 8 prior to oven drying 
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BH-LM03 16.46-16.64m – After 30 seconds immersion in distilled water 
 




BH-LM03 13.7-13.92m – After 30 seconds immersion in distilled water 
 




BH-NY23 19.3-19.43m – After 30 seconds immersion in distilled water 
 




BH-NY23 19.43-19.7m – After 30 seconds immersion in distilled water 
 
 




BH-NY23 22.6-22.8m – After 30 seconds immersion in distilled water 
 




BH-NY25 18.25-18.4m – After 30 seconds immersion in distilled water 
 




BH-LM01 21.5-21.7m – Prior to testing 
 




BH-LM01 21.5-21.7m – After 30 minutes immersion in distilled water 
 
BH-LM01 21.5-21.7m – After 24 hours immersion in distilled water 
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BH-NY23 18.58-18.78m – Prior to testing  
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BH-LM03 13.7 13.92 2339 1763 4123657 1684982 41 59 
BH-LM03 16.46 16.64 3273 1484 4857132 1773840 37 63 
BH-NY23 19.45 19.62 3271 1453 4752763 3278140 31 69 
BH-NY23 22.6 22.8 3324 1746 5803704 1783636 31 69 
BH-NY23 19.3 19.43 3303 1344 4439232 1384841 31 69 
BH-NY25 18.25 18.4 2760 1608 4438080 1440247 32 68 











size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.002 0 0.00% 
0.003 0 0.00% 
0.005 0 0.00% 
0.006 0 0.00% 
0.009 0 0.00% 
0.012 0 0.00% 
0.016 0 0.00% 
0.023 0 0.00% 
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0.032 0 0.00% 
0.044 0 0.00% 
0.062 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 60 16.09% 
2.36 145 54.96% 
4.75 89 78.82% 
6.7 39 89.28% 
9.5 20 94.64% 
13.2 9 97.05% 
19 5 98.39% 
26.5 3 99.20% 
37.5 3 100.00% 
53 0 100.00% 
75 0 100.00% 



































size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.002 0 0.00% 
0.003 0 0.00% 
0.005 0 0.00% 
0.007 0 0.00% 
0.009 0 0.00% 
0.013 0 0.00% 
0.017 0 0.00% 
0.024 0 0.00% 
0.032 0 0.00% 
0.044 0 0.00% 
0.06 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 15 10.71% 
2.36 34 35.00% 
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4.75 37 61.43% 
6.7 20 75.71% 
9.5 19 89.29% 
13.2 7 94.29% 
19 6 98.57% 
26.5 1 99.29% 
37.5 1 100.00% 
53 0 100.00% 
75 0 100.00% 



























BH-NY23 - 19.3-19.43 
 
Bin (grain 
size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.002 0 0.00% 
0.003 0 0.00% 
0.005 0 0.00% 
0.006 0 0.00% 
0.009 0 0.00% 
0.012 0 0.00% 
0.016 0 0.00% 
0.023 0 0.00% 
0.032 0 0.00% 
0.044 0 0.00% 
0.062 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 60 32.43% 
2.36 61 65.41% 
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4.75 32 82.70% 
6.7 12 89.19% 
9.5 9 94.05% 
13.2 4 96.22% 
19 3 97.84% 
26.5 2 98.92% 
37.5 1 99.46% 
53 1 100.00% 
75 0 100.00% 


































size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.003 0 0.00% 
0.004 0 0.00% 
0.005 0 0.00% 
0.007 0 0.00% 
0.01 0 0.00% 
0.014 0 0.00% 
0.018 0 0.00% 
0.026 0 0.00% 
0.036 0 0.00% 
0.049 0 0.00% 
0.067 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 40 28.99% 
2.36 54 68.12% 
4.75 30 89.86% 
6.7 2 91.30% 
9.5 5 94.93% 
13.2 3 97.10% 
19 1 97.83% 
26.5 0 97.83% 
37.5 1 98.55% 
53 2 100.00% 
75 0 100.00% 
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size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.003 0 0.00% 
0.004 0 0.00% 
0.005 0 0.00% 
0.007 0 0.00% 
0.01 0 0.00% 
0.014 0 0.00% 
0.018 0 0.00% 
0.026 0 0.00% 
0.036 0 0.00% 
0.049 0 0.00% 
0.067 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 39 25.66% 
2.36 64 67.76% 
4.75 27 85.53% 
6.7 8 90.79% 
9.5 5 94.08% 
13.2 4 96.71% 
19 1 97.37% 
26.5 2 98.68% 
37.5 1 99.34% 
53 1 100.00% 
75 0 100.00% 
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size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.002 0 0.00% 
0.003 0 0.00% 
0.005 0 0.00% 
0.006 0 0.00% 
0.009 0 0.00% 
0.012 0 0.00% 
0.016 0 0.00% 
0.023 0 0.00% 
0.032 0 0.00% 
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0.044 0 0.00% 
0.062 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
1.18 43 21.39% 
2.36 68 55.22% 
4.75 45 77.61% 
6.7 17 86.07% 
9.5 17 94.53% 
13.2 6 97.51% 
19 2 98.51% 
26.5 1 99.00% 
37.5 2 100.00% 
53 0 100.00% 
75 0 100.00% 

































size mm) Frequency 
Cumulative 
% 
0.001 0 0.00% 
0.002 0 0.00% 
0.003 0 0.00% 
0.004 0 0.00% 
0.006 0 0.00% 
0.009 0 0.00% 
0.012 0 0.00% 
0.016 0 0.00% 
0.023 0 0.00% 
0.031 0 0.00% 
0.043 0 0.00% 
0.059 0 0.00% 
0.075 0 0.00% 
0.15 0 0.00% 
0.3 0 0.00% 
0.6 0 0.00% 
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1.18 51 32.28% 
2.36 59 69.62% 
4.75 32 89.87% 
6.7 4 92.41% 
9.5 5 95.57% 
13.2 5 98.73% 
19 1 99.37% 
26.5 0 99.37% 
37.5 0 99.37% 
53 0 99.37% 
75 1 100.00% 
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Disaggregated core sample photographs 
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Hyaloclastite Dissagregation and Dissagregated Sample Photographs 
 
Sample BH-NY23 19.3-19.43m – After freeze thaw cycles 
 




Sample BH-NY23 19.3-19.43m disaggregated 
 




Sample BH-NY23 19.43-19.7m disaggregated 
 








Sample BH-LM01 21.5-21.7m disaggregated 
 
 
Sample BH-NY25 18.25-18.4m disaggregated 
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Sample BH-NY25 18.25-18.4m close up of disaggregated sand size particles 
 
Sample BH-NY23 22.6-22.9m disaggregated 
 
Sample BH-NY23 18.68-18.78m disaggregated 
727
 
Sample BH-NY23 18.68-18.78m disaggregated 
 
Excavated hyaloclastite from Darebin Creek sample location 1 
728
 
Close up excavated hyaloclastite from Darebin Creek sample location 1 
 
Excavated hyaloclastite from Darebin Creek sample location 2 
729
 
Excavated hyaloclastite from Darebin Creek sample location 2 
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All samples were crushed using a percussion mill and subsequently ground using an agate 
mortar and pestle. The powders were then passed through a 150- m sieve.   
Data were collected using an inXitu Terra X-ray diffractometer (a portable diffractometer) in the 
School of Earth, Atmosphere and Environment, Monash University. This instrument uses a 30 
kV, 10 W Co X-ray tube. All  data were collected over a 2  range of 5–55° with a resolution of 




Qualitative phase analysis was performed using the software program DIFFRAC.EVA v.2 which is 
available from Bruker AXS. Standard reference patterns were used to identify constituent 
minerals within the samples with reference to the Crystallography Open Database. 
 
Results 
The samples are all dominated by the presence of phyllosilicate minerals from the smectite 
group, with illite or muscovite present as a minor phase in many of the samples.  
Individual species of smectite minerals produce very similar X-ray diffraction patterns making 
identification of specific minerals problematic. As such, the smectite mineral has been 
tentatively identified as montmorillonite, a smectite mineral common to altered basalts and 
soils.  
Illite is formed from the breakdown of mica (muscovite) and so has a very similar X-ray 
diffraction pattern to some mica minerals. Both illite and muscovite have been included in many 
of the analyses because, due to the limitations of the instrument and the relatively low 
abundances of the illite or muscovite phase it is not possible to distinguish between the two 
minerals in this case.  
The Burnley Creek samples contain a significant amount of quartz. The Burnley 2 sample also 














BH-NY 23 (18.58-18.78m) 
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Q-Rating – Massive hyaloclastites with outcrop RQD (best case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 70% 70 60% 60 
Joint Set Number (Jn) One set 2 Two sets 6 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non-continuous 4 
Non-
continuous 4 






Joint Water Reduction Number 
(Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress 
near surface 2.5 
            
  Q-System Rating   28   8 
  Class Number   II   III 
  Description   Good   Fair 
 
Q-Rating – Massive Hyaloclastite with borehole RQD data (intermediate case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 40% 40 35% 35 
Joint Set Number (Jn) One set 2 Two sets 6 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non continuous 4 
Non-
continuous 4 






Joint Water Reduction Number 
(Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress 
near surface 2.5 
            
  Q-System Rating   16   4.67 
  Class Number   II   III 





Q-Rating – Disintegrated Hyaloclastite with borehole RQD data (worst case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 40% 40 35% 35 
Joint Set Number (Jn) Crushed rock 20 Crushed rock 20 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non continuous 4 Non-continuous 4 






Joint Water Reduction Number 
(Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress near 
surface 2.5 
            
  Q-System Rating   1.6   1.4 
  Class Number   IV   IV 
  Description   Poor   Poor 
 
Q-Rating – Subaerial basalt, fresh/slightly, highly weathered and pillow basalt 





  Parameter Classification Rating Classification Rating Classification Rating 
Block Size 
RQD 90% 90 50% 50 24% 24 
Joint Set Number (Jn) 
Two sets plus 
random 6 
Two sets plus 





















Joint Water Reduction 




near surface 2.5 
Low stress 
near surface 2.5 
Low stress 
near surface 2.5 
            
 
  
  Q-System Rating   4.5   0.42 
 
2.13 
  Class Number   III   V  
 
IV 










Q-Rating – Massive hyaloclastites with outcrop RQD (best case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification 
Ratin
g Classification Rating 
Block Size 
RQD 70% 70 60% 60 
Joint Set Number (Jn) One set 2 Two sets 6 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non continuous 4 Non-continuous 4 






Joint Water Reduction Number 
(Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress near 
surface 2.5 
            
  Q-System Rating   28   8 
  Class Number   II   III 
  Description   Good   Fair 
 
Q-Rating – Massive Hyaloclastite with borehole RQD data (intermediate case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 0% 2 12% 12 
Joint Set Number (Jn) One set 2 Two sets 6 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non continuous 4 Non-continuous 4 






Joint Water Reduction Number 
(Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress near 
surface 2.5 
            
  Q-System Rating   0.8   1.6 
  Class Number   V    IV 
  Description   
Very 
Poor   Poor 




Q-Rating – Disintegrated Hyaloclastite with borehole RQD data (worst case) 
    Hyaloclastite 
Pillow lavas and 
hyaloclastite 
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 0% 2 12% 12 
Joint Set Number (Jn) Crushed rock 20 Crushed rock 20 
Inter-block Shear 
Strength 
Joint Roughness Number (Jr) Non continuous 4 Non-continuous 4 






Joint Water Reduction 
Number (Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 
Low stress near 
surface 2.5 
            
  Q-System Rating   0.08   0.48 
  Class Number   V   V  
  Description   
Extremely 




Q-Rating – Subaerial basalt, fresh/slightly and highly weathered 
    Subaerial basalt 
Highly weathered subaerial 
basalt   
  Parameter Classification Rating Classification Rating 
Block Size 
RQD 90% 90 50% 50 
Joint Set Number (Jn) 
Two sets plus 
random 6 Two sets plus random 6 
Inter-block Shear 
Strength 
Joint Roughness Number 
(Jr) 
rough and 
planar 1.5 rough and planar 1.5 
Joint Alteration Number (Ja) 
Slightly 
altered/stained 2 
swelling clay infill <5mm 
thick 12 
Active Stress 
Joint Water Reduction 
Number (Jw) Dry/minor flow 1 Dry/minor flow 1 
Strength Reduction Number 
(SRF) 
Low stress near 
surface 2.5 Low stress near surface 2.5 
            
  Q-System Rating   4.5   0.42 
  Class Number   III   V  
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RMR input parameters 
744
RMR Values - Hyaloclastite - Alphington 
  
Borehole data and low 
quality rock (worst case) 
Borehole RQD and 
outcrop data 
(intermediate case) 
Outcrop RQD and data 
(best case) 
 Alphington   Hyaloclastite Hyaloclastite Hyaloclastite 
Parameter   Classification Rating Classification Rating Classification Rating 
Strength of intact rock 
(UCS) 
Strength of 
intact rock 1-5 MPa 1 1-5 MPa 1 1-5 MPa 1 
RQD 
Drill core 
quality RQD <25% 3 <25% 3 75-90% 18 
Discontinuity Spacing 
Spacing of 
discontinuities <60mm 5 > 2m 20 > 2m 20 
Discontinuity 
Persistence/Length Persistence <1.0m 6 <1.0m 6 <1.0m 6 
Discontinuity Aperture Aperture None 6 None 6 None 6 
Discontinuity 
Roughness Roughness Slightly rough 3 Slightly rough 3 Slightly rough 3 








Weathering Weathering Slightly  5 Slightly  5 Slightly  5 
Groundwater Groundwater Dry 15 Dry 15 Dry 15 
Rating adjustment for 







                
ROCK MASS RATING 
(RMR)     48   63   78 
Class Number      III   II   II 
Description      Fair   Good   Good 
 
RMR Values - Hyaloclastite and pillow basalt - Alphington 
Alphington 
 
Borehole data and low 
quality rock (worst case) 
Borehole RQD and 
outcrop data 
(intermediate case) 
Outcrop RQD and data 
(best case) 
    
Hyaloclastite and pillow 
lavas 
Hyaloclastite and pillow 
lavas 
Hyaloclastite and pillow 
lavas 
Parameter   Classification Rating Classification Rating Classification Rating 
Strength of intact rock 
(UCS) 
Strength of 
intact rock 1-5 MPa 1 1-5 MPa 1 1-5 MPa 1 
RQD 
Drill core 




s <60mm 5 0.6-2.0m 15 0.6-2.0m 15 
Discontinuity 
Persistence/Length Persistence <1m 6 <1m 6 <1m 6 
Discontinuity Aperture Aperture None 6 1-5mm 1 1-5mm 1 
Discontinuity 
Roughness Roughness Slightly rough 3 Slightly rough 3 Slightly rough 3 








Weathering Weathering Slightly  5 Slightly  5 Slightly  5 
Groundwater Groundwater Dry 15 Dry 15 Dry 15 
Rating adjustment for 







                
ROCK MASS RATING 
(RMR)     48   53   63 
Class Number     III   III   II 




RMR Values – Pillow basalt and fresh and highly weathered basalt - Alphington 
Alphington 
 
Borehole RQD and 
outcrop data 
Borehole and outcrop 
data 
Borehole and outcrop 
data 
    Pillow lavas 
Fresh-SW 
Subaerial 




basalt   
Parameter   Classification Rating Classification Rating Classification Rating 
Strength of intact rock 
(UCS) 
Strength of 
intact rock 25-50 MPa 4 100-250 MPa 7 5-25 MPa 2 
RQD 
Drill core 
quality RQD <25% 3 75-90% 17 25-50% 8 
Discontinuity Spacing 
Spacing of 
discontinuities 0.2-0.6 10 200-600mm 10 200-600mm 10 
Discontinuity 
Persistence/Length Persistence <1m 6 1-3m  4 1-3m  4 
Discontinuity Aperture Aperture 0.1-1.0 4 0.1-1.0mm 4 0.1-1.0mm 4 
Discontinuity 
Roughness Roughness Slightly rough 3 Slightly rough 3 Slightly rough 3 
Discontinuity Infilling Infill 
Soft filling 




Weathering Weathering Slightly - fresh 5 Slightly  5 
Highly 
weathered 1 
Groundwater Groundwater Dry 15 Dry 15 Dry 15 
Rating adjustment for 







                
ROCK MASS RATING 
(RMR)     54   71   49 
Class Number     III   II   III 
Description     Fair   Good   Fair 
 
RMR Values - Hyaloclastite - Footscray 
Footscray 
 
Borehole data and low 
quality rock (worst 
case) 
Borehole RQD and 
outcrop data 
(intermediate case) 
Outcrop RQD (best 
case) 
    Hyaloclastite  Hyaloclastite Hyaloclastite 
Parameter   Classification Rating Classification Rating Classification Rating 
Strength of intact rock 
(UCS) 
Strength of 
intact rock 1-5 MPa 1 1-5 MPa 1 1-5 MPa 1 
RQD 
Drill core 




s <60mm 5 > 2m 20 > 2m 20 
Discontinuity 
Persistence/Length Persistence <1.0m 6 <1.0m 6 <1.0m 6 
Discontinuity Aperture Aperture None 6 None 6 None 6 
Discontinuity 
Roughness Roughness Slightly rough 3 Slightly rough 3 Slightly rough 3 






Weathering Weathering Slightly  5 Slightly  5 Slightly  5 
Groundwater Groundwater Dry 15 Dry 15 Dry 15 
Rating adjustment for 
discontinuity 





                
ROCK MASS 
RATING (RMR)     53   68   78 
Class Number     III   II   II 
Description     Fair   Good   Good 
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RMR Values - Hyaloclastite and pillow basalt - Footscray 
Footscray 
 
Borehole data and low 
quality rock (worst 
case) 
Borehole RQD and 




    
Hyaloclastite and pillow lavas 
(conservative) Hyaloclastite and pillow lavas 
Hyaloclastite and 
pillow lavas 





Strength of intact rock 
(UCS) 
Strength of 
intact rock 1-5 MPa 1 1-5 MPa 1 1-5 MPa 1 
RQD 
Drill core 








Persistence/Length Persistence <1m 6 <1m 6 <1m 6 
Discontinuity Aperture Aperture None 6 1-5mm 1 1-5mm 1 
Discontinuity 
Roughness Roughness Slightly rough 3 Slightly rough 3 
Slightly 
rough 3 





Weathering Weathering Slightly  5 Slightly  5 Slightly  5 
Groundwater 
Groundwate
r Dry 15 Dry 15 Dry 15 
Rating adjustment for 
discontinuity 




                
ROCK MASS 
RATING (RMR)     53   58   63 
Class Number     III   III   II 





RMR Values – Pillow basalt and fresh and highly weathered basalt - Footscray 
Footscray 
 
Borehole RQD and 
outcrop data 
Borehole RQD and 
outcrop data 
Borehole RQD and 
outcrop data 
    Pillow lavas 
Fresh-SW 
Subaerial basalt   
Highly weathered 
subaerial basalt   







Strength of intact rock 
(UCS) 
Strength of 
intact rock 50-100 MPa 7 100-250 MPa 12 5-25 MPa 2 
RQD 
Drill core 
quality RQD <25% 3 75-90% 17 25-50% 8 
Discontinuity Spacing 
Spacing of 
discontinuities 0.2-0.6 10 200-600mm 10 200-600mm 10 
Discontinuity 
Persistence/Length Persistence <1m 6 1-3m  4 1-3m  4 
Discontinuity Aperture Aperture 0.1-1.0 4 0.1-1.0mm 4 0.1-1.0mm 4 
Discontinuity Roughness Roughness Slightly rough 3 Slightly rough 3 Slightly rough 3 
Discontinuity Infilling Infill 
Soft filling 
<5mm 4 None 6 Soft filling <5mm 2 
Discontinuity Weathering Weathering Slightly - fresh 5 Slightly  5 Highly weathered 1 
Groundwater Groundwater Dry 15 Dry 15 Dry 15 
Rating adjustment for 
discontinuity orientation Orientation 
Very 
Favourable 0 Very Favourable 0 Very Favourable 0 
                
ROCK MASS RATING 
(RMR)     57   76   49 
Class Number     III   II   III 
Description     Fair   
Go
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Hyaloclastite (with less than 30% pillow basalt) 
Intact UCS : 1.0 – 10 MPa  RMR: – 63-68 (lower bound: 48-53, upper bound: 78) 
RQD – 0-40%,        Mi: 7 Q-Rating:- 0.8-16 (lower bound 0.1-1.6, upper bound 28) 
Density: 2000 kg/m3 GSI:- 47-65 (lower bound 34-55, upper bound 55-76) 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- special material category (rock 
fragments in a matrix of soft material), short term and long term hazard 
of cave-in and block falls within excavations and tunnels. No swelling 
behaviour. 
Weathered Rock Classification:-  May behave as soil 
c-S-D-R Classification:- Boundary between material strength 
controlled and fracture controlled strength, may experience accelerated 
weathering.  
Weathered Rock/Weak Rock comparison:- Grade 5 to Grade 6, 
excavation by scraping, seismic velocity 500-1000 m/s.  
NB inflow of material considered unlikely due to cohesion of rock mass. 
Rock Identification – Pale brownish orange to pale yellow hard and 
brittle non-softening clay matrix with angular fragments of dark grey 
fine grained basalt. Palagonite can appear granular. Basalt fragments 
are shard like and can exhibit “jigsaw” like tessellation with 
neighbouring clasts 
Sampling Notes: - Extremely fragile. Wrap to preserve moisture 















































Hyaloclastite and Pillow Basalts (Pillow basalts to make up between 30% and 75% of rock mass). 
Intact UCS : 1.0 – 10 MPa  RMR: – 53-58 (lower bound: 48-53, upper bound: 63) 
RQD – 0-35%,        Mi: 7 Q-Rating:- 1.6-4.7 (lower bound 0.5-1.4, upper bound 8.0) 
Density: 2000 kg/m3 GSI:- 42-60 (lower bound 34-55, upper bound 47-68) 
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- special material category (rock 
fragments in a matrix of soft material), short term and long term hazard 
of cave-in and block falls within excavations and tunnels. No swelling 
behaviour. Block fall hazard expected to increase with increasing 
presence of pillow basalts. 
Weathered Rock Classification:-  Rock framework controls strength, 
matrix controls stiffness and permeability. 30% pillows basalt – matrix 
controls behaviour. 75% pillow basalts rock becoming interlocked 
c-S-D-R Classification:- Boundary between material strength 
controlled and fracture controlled strength, may experience accelerated 
weathering. As pillow basalt content increases fracture controlled 
strength becomes more dominant.  
Weathered Rock/Weak Rock comparison:- Grade 4 to Grade 5, 
excavation by scraping and ripping, seismic velocity 1000-2000 m/s 
NB inflow of material considered unlikely due to cohesion of rock mass. 
Rock Identification – Pale brownish orange to pale yellow hard and 
brittle non-softening clay matrix with angular fragments of dark grey 
fine grained basalt. Palagonite can appear granular. Basalt fragments 
are shard like and can exhibit “jigsaw” like tessellation with 
neighbouring clasts. Pillows are rounded and lobe like in cross section 
and can be elongated along their length. Elongation caused by 
continued flow down delta front. Pillow structures 0.3 m to 1.0m in size. 
Elongated pillows up to approx. 4 m in length. Pillows are usually 
highly fractured with randomly orientated closely spaced joints (60-200 
mm). Characteristic devitrified rind can be observed around pillow 
basalt. Care should be taken not to confuse pillows in core with 
horizontal layers of basalt 
Sampling Notes: - Extremely fragile. Wrap to preserve moisture 
content preferably with heat-shrink wrap. Difficult to get representative 
sample of hyaloclastite and pillow basalt structures. Samples of both 


























Pillow Basalts (Pillow basalts to make up greater than 75% of rock mass). 
Intact UCS : 10– 50MPa 
 RMR: – 53-58 (lower bound: 48-53, upper bound: 63) 
RQD – 0-50%,        Mi: 25 Q-Rating:- 1.0-2.1 
Density: 2600 kg/m3 GSI:- 40-58 
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, intersected by 
weak layers and, short term and long term hazard block falls within 
excavations and tunnels. Possible swelling behaviour depending upon 
composition of interstitial materials. 
Weathered Rock Classification:-  Locked framework with weak 
materials along discontinuities. Shear strength, stiffness and 
permeability affected by rock weakness zones. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 2 to Grade 3, 
excavation by blasting/ripping, excellent stability but prone to 
deterioration, seismic velocity 1500-3000 m/s. 
Rock Identification –. Pillows are rounded and lobe like and 
dominated the rock mass. Classic “pinched-bottom” features observed 
in outcrop/excavation. Elongation caused by continued flow down delta 
front. Pillow structures 0.3 m to 1.0m in size. Pillows are highly 
fractured with randomly orientated closely spaced joints (60-200 mm). 
Some interstitial hyaloclastite/palagonite lenses may be present. Care 
should be taken not to confuse pillows in core with horizontal layers of 
basalt 
Sampling Notes: . Difficult to obtain samples for testing due to 
fractured nature of rock. Sample interstitial soil material for Atterberg 
testing and possibly XRD testing to determine clay mineralogy and 


































Subaerial basalt (fresh/slightly weathered) 
Intact UCS : 50– 250MPa (100 MPa) RMR: – 71-76 
RQD – 50-90%,        Mi: 25 Q-Rating:- 4.5 
Density: 2600 kg/m3 GSI:- 50-75  
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, rock 
intersected by joints and partings weak, short term and long term 
hazard block falls within excavations and tunnels. 
Weathered Rock Classification:-  Unweathered, treat as rock using 
rock mechanics tools. Spot support for blocks. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 1 to Grade 2, 
excavation by blasting, excellent stability, excellent durability, seismic 
velocity 2500-5500 m/s.. 
Rock Identification –. Pale grey to dark grey occasionally purplish or 
blue grey. Very high strength rock. Can be highly vesicular or non-
vesicular. Fine grained. Some weathering products or palaeosoils 
develop on flow surfaces. 
Sampling Notes: .Easy to core and sample. Testing should 




























Subaerial basalt (highly weathered) 
Intact UCS : 5 -15 MPa RMR: – 49 
RQD – 20-60%,        Mi: 25 Q-Rating:- 0.4 
Density: 2600 kg/m3 GSI:- 35-50 
 
Red: Expected Range, Yellow: Possible Range   
Ground Behaviour Characterisation:- Discontinuous, intersected by 
weak layers and seams, short term and long term hazard block falls 
within excavations and tunnels. Possible swelling behaviour. 
Weathered Rock Classification:-  Locked framework with weak 
materials along discontinuities. Shear strength, stiffness and 
permeability affected by rock weakness zones. 
c-S-D-R Classification:- not applicable.  
Weathered Rock/Weak Rock comparison:- Grade 2 to Grade 3, 
excavation by blasting/ripping, excellent stability but prone to 
deterioration, seismic velocity 1500-3000 m/s. 
Rock Identification –. Low to medium strength rock, brown coloured 
basalt with occasional less weathered corestones of basalt. Frequent 
closely spaced joints often with soft to stiff high plasticity clay 
weathering product infill. Weathering pattern reflects larger rock mass 
spheroidal “onion skin “weathering. 
Sampling Notes: .Difficult to obtain samples suitable for testing due to 
fractured nature of rock. Weathered seams should be carefully logged 
for strength and characteristics of infill i.e. gravelly clay, clay etc. Wrap 
























Highly Weathered Basalt images 
 
http://crcleme.org.au/Educ/rgg/4-mt_oberon/basalt_profile.jpg 
 
 
http://www.columbiariverimages.com/Images/oak_point_weathered_basalt_2003.jpg 
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